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PREFACE 



The widespread classroom and reference use of the first edition of this 
book has encouraged the authors to prepare this second edition. The re¬ 
vision has been a very thorough one and in many respects this second 

edition is virtually a new book. 

As was true of the previous edition this book can be readily adapted 
to use with any introductory course in plant physiology based upon pre¬ 
requisites of general botany and general chemistry. It can be used as the 
basis for a conventional recitation course or as a background source of 
information for student reading in connection with lecture-discussion 
courses. If only certain topics are selected for lecture or laboratory con¬ 
sideration, reading of the intervening chapters should help the student fit 
the classroom work into a coordinated picture of the science as a whole. 
Although the presentation is coordinated from chapter to chapter, the 
book has been planned so that more advanced phases of most topics can 
be skipped by omitting certain chapters and portions of chapters without 
materially disrupting the continuity of the discussion. This featjre should 
make the; boqk useful to those teachers who attempt to present a well- 
rounded course in plant physiology in one quarter or one semester. 

While the content, organization and relative emphasis on various topics 
have undergone some obvious changes, the fundamental objectives of this 
^ second edition are virtually the same as those of the first. The authors 
j have attempted to organize a discussion of the fundamental facts an 
principles of plant physiology which can be included between the covers 
of a volume of moderate dimensions. It has been our purpose to give 
some consideration to all topics which would be considered significant by 
the majority of plant physiologists. We have attempted to present a 
reasoned evaluation of the data rather than a mass of undigested facts 
and contradictory interpretations. Most of the discussion is based diiect y 
on data selected from the original literature, much of which is presented 
in tabular or graphical form. This approach is, we believe, consistent 

with the thesis that data are the source material from which all scientific 
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concepts arise, yet it recognizes that facts alone may be a barrier to 
scientific progress unless fitted into a logical system of ideas. Students 
should grasp uncompromisingly the viewpoint that scientific knowledge 
is a structure of ideas derived from facts and observations. 

Changes in the text from the previous edition are in content, emphasis, 
and organization. Modifications in content reflect principally advances in 
our knowledge of plant physiology over the last dozen years. Changes in 
emphasis and organization are based largely upon the judgments of the 
authors, often reinforced or tempered by suggestions from other teachers 
of plant physiology. Some condensation has been effected in the early dis¬ 
cussion of basic physicochemical principles, because it is our impression 
that students are coming into plant physiology courses with a better 
background of such concepts than formerly. The chapters on various 
aspects of water relations have been somewhat abridged so that greater 
emphasis could be placed on metabolic processes and growth, those phases 
of plant physiology in which the most rapid advances have been made in 
recent years. A chapter on enzymes has been introduced just after the 
discussion of water relations, in order to catalyze an understanding of 
immediately following chapters on metabolic processes. This chapter 
replaces the chapter on digestion which in the first edition was given a 
much later position in the book. Also worthy of note is the shifting of the 
discussion of respiration to a position ahead of most discussion of meta¬ 
bolic processes. The increasing realization that respiration is the key to 
the synthetic as well as degradative processes of metabolism makes its 
earlier discussion desirable. The chapters on growth have undergone a 
considerable reorganization, one of the principal objectives of which has 
been the achievement of a sharper differentiation between vegetative and 
reproductive growth, which contrast just as greatly in their physiological 
as in their morphological aspects. 

The authors are acutely aware that, for most of the students who will 
use this textbook, plant physiology is not an end in itself but a tool to 
the better understanding of the behavior of plants under natural or, at 
most, only partially controlled conditions. Recognition of this situation 
accounts for the essentially ecological viewpoint which underlies much 
of the discussion. The effects of various factors on different processes, 
relations between daily periodicities of plant processes and daily perio¬ 
dicities of environmental factors, and the bearing of seasonal cycles of 
environmental factors on seasonal patterns of plant behavior are con¬ 
sequently given a prominent place in the discussion. On the other hand, 
consideration of the mechanisms of processes, always ultimately needful 
in the explanation of ecological behavior, has also been quite compre¬ 
hensive. Explanations of many process mechanisms require excursions 
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into the domain of biochemistry which we have not hesitated to under¬ 
take whenever the level of interpretation which seemed desirable lequircd 

it. 

Although less emphasized than in the previous edition, considerable 
space is devoted to a review and extension of physicochemical principles 
with which the student of physiology should be familiar. Some of this 
discussion is essential for the interpretation of plant processes as such; 
some of it is essential for an understanding of the nature of the physical 
factors of the environment and the manner in which they influence plant 
processes. Likewise the structure of organs, tissues, and cells has been 
described at appropriate places as necessary background information. 
Structure and process are inseparable and an integrated picture ot both 
is essential for a clear concept of any phase of the physiological activity 
of plants. 

With only a few exceptions each chapter has appended to it a list ot 
discussion questions. These lists are meant to be suggestive and it is rec¬ 
ommended that each teacher supplement them with additional questions, 
of more or less similar purport, but adapted to the interests and back¬ 
ground of his own student group. Most of the questions arc of the prob¬ 
lem” type, and many of them have been deliberately chosen to extend 
the classroom discussion to applications which have not been considered 
in the text. Effective teaching in any science should not only lead to the 
acquisition by the student of the basic facts, principles, and viewpoints 
of that science, but should also train him in the use of that, science in 
the interpretation of natural phenomena. The use of properly selected 
problems as a teaching device should aid the student in making use of the 
facts and principles of a science as well As learning them. 

A large part of the manuscript of this edition has been read critically 
by Dr. H. T. Scofield of North Carolina State College and by Dr. C. A. 
Swanson of The Ohio State University. Certain chapters have likewise 
been critically read by Dr. G. W. Blaydes and Dr. R. C. Burrell of The 
Ohio State University, by Prof. T. C. Broyer of the University of Cali¬ 
fornia and by Dr. C. O. Miller of the University of Wisconsin. We are 
indebted to all of these readers for their constructive criticisms. Thanks 
are also due to Grace Townsend Meyer for checking most of the refer¬ 
ences. Those figures which have been taken from other sources aie 
properly credited in the captions. 

Bernard S. Meyer 

Donald B. Anderson 

Columbus, Ohio 
Raleigh, N. C. 

April, 1952 
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THE FIELD OF PLANT PHYSIOLOGY 


In an effort to understand the mechanism of a plant in its entirety, 
many separate phases of the dynamic activity of plants have been recog¬ 
nized and studied as individual processes. In attempting to interpret these 
individual processes and their interrelationships, the plant physiologist i» 
confronted with many problems: What is the mechanism by which water, 
gases, and solutes enter a plant from its environment? How do sue 1 su > 
stances pass out of a plant into its surroundings? How are foods and other 
complpx organic compounds synthesized in the plant ? Ho\\ are t ie> u 1^ 
lizod in the development and maintenance of plants as living systems. 
What transformations of energy occur within a plant, and what exchanges 
of energy take place between a plant and its environment? How are water 
and solutes transported from one part of a plant to another? How are nev 
tissues constructed? How is the development of one organ or tissue co¬ 
ordinated with the development of other organs or tissues. \y °^ s a 
plant produce only vegetative organs at certain stages in 1 => 1 e 
and reproductive organs only at other stages? How are in< nuua ^ . 

processes and the development of a plant as a whole influmeu >> (I1 
ronmental conditions? All of these problems and many ot ler n a c 
subsidiary ones lie within the province of the branc 1 o science 

knowm as plant physiology. , . , , . , , 

For convenience, the study of plant life is subdivided into various 

branches such as physiology, morphology, anatomy, eco ogy, P a » 

and genetics. Such a classification is necessarily more or ess ar > 

Neither physiology nor any other phase of plant life can e sin S e 

for study without some consideration of plants from ot ier \iewpo • 

particularly intimate interrelationship exists between tie s rue J 11 * 

processes of plants. Every physiological process is coin 1 lone 

anatomical arrangement of the tissues, and by the size, con igura 
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other structural features of the cells in which it occurs. Furthermore, the 
coordinated development of cells and tissues, i.e., of the plant itself, is a 
complex of physiological processes. Thus the sciences of plant physiology 
and plant anatomy merge in the study of plant growth. 

Just as different species of plants differ in outward configuration and 
internal anatomy, so do they also differ in physiology. The world of plants 
includes a great number of very diverse kinds of organisms that range 
in size from simple bacterial cells a few microns long to the enormous 
redwoods of California. Their difference in size, although striking enough, 
is not as fundamental as another distinction which exists between red¬ 
woods and bacteria. The redwoods and all other green plants are able 
to manufacture their own food, while bacteria (with a very few excep¬ 
tions) and all other non-green plants must obtain their nourishment from 
some outside source. The physiology of the green and the non-green plants 
is therefore basically unlike. This book is essentially a discussion of the 
physiology of the chlorophyllous (green) plants with the emphasis on the 
vascular green plants. The physiological processes of the bacteria and 
fungi have been considered only when they have a direct bearing on the 
physiology of the green plants. 

In general the basic physiology of all vascular green plants is similar. 
This is not to say, however, that the processes occurring in one kind of 
green plant are always identical with those occurring in another. The 
physiology of a tomato plant differs from that of an oak tree in the same 
sense that the physiology of a horse is different from that of a cat. Many 
qualitative differences in metabolism are known to exist among plants. 
Most green plants, for example, synthesize starch, but many do not. Most 
of the physiological differences among species of green plants are quan¬ 
titative rather than qualitative. All vascular green plants synthesize 
chlorophylls a and b, for example, but the proportions of these two pig¬ 
ments present differ considerably from one species to another. Similarly, 
under identical soil and climatic conditions, the rates of absorption of 
water by two kinds of plants may be very different. Even varieties of 
the same species may differ markedly in their physiological reactions to 
a given environmental complex. Under the same climatic and soil con¬ 
ditions, for example, some varieties of wheat are markedly cold resistant, 
while others are not. 

The Relation of Physiology to the Physical Sciences.—Formerly the opin¬ 
ion was almost universal that living organisms owe their distinctive 
pioperties to the possession of subtle and unknown forces which are 
pecuhar to “living matter.” At the present time such “vitalistic” theories 
nn \ery few advocates. The contrary and now widely held assumption 
is t at living organisms operate in accordance with the same physico- 
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chemical principles that hold in the inanimate world. The complexity and 
elusiveness of living processes are not assumed to result from intangible, 
unknown varieties of energy, but to the intricateness of the interplay of 
recognizable physicochemical forces in the complex organized system of 
the protoplasm. 

Adoption of this latter point of view has led to a widespread use of the 
tools of physics and chemistry in experimental work on plants, and to 
the interpretation of plant processes in terms of these two sciences. This 
has led to notable progress in our understanding of the physiology of 
plants and has permitted the analysis and expression of many ph> .bio¬ 
logical relations in quantitative terms. 

A knowledge of certain fundamental principles of physics and chemistry, 
is therefore essential to the understanding of physiological processes. For 
this reason several of the earlier and parts of some of the later chapters 
in this book are devoted to a brief exposition of certain underlying prin¬ 
ciples of the physical sciences with which a student of plant physiology, 
should be familiar. 

Tht Relation of Plant Physiology to the Agricultural Sciences.— Green 
plants are not only the ultimate source of all food but supply the raw 
materials for many of our basic industries. W ith the rise of modern in¬ 
dustrial civilization both the quantities and kinds of plant products w hie h 
we utilize have increased rather than decreased. In addition to foods some 
of the more important raw products obtained from plants are wood, tex¬ 
tile fibers, pulp, rubber, vegetable oils, gums, and drugs. Even most of 
the so-called “synthetic products” of the chemist are not synthetic in the 
sense that they have been built up from simple inorganic compounds, 
but only insofar as they represent modifications of naturally occurring 

plant products. 

An industrial civilization not only requires a wide variety of plant 
products but insists that these products meet certain standards of qual¬ 
ity. The successful cultivation of plants has, therefore, become a highly 
skilled occupation, and the agricultural sciences are rapidly becoming a 
domain of the specialist. Success in controlling the activities of li'ing 
plants cannot be achieved without some understanding of the processes 
which occur within them, and of the effects of environmental conditions 
upon these processes. The problems of the forester, the fruit grower, the 
cotton planter, the floriculturist, the grain fanner, and of all others who 
cultivate plants differ in detail, yet they all have a fundamental simi¬ 
larity in requiring an application of the principles of plant physiology 

for their solution. . 

Fundamental investigations in plant physiology have contri >utec in 

many ways to improved methods of propagating, cultivating, and lar- 
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vesting economically important plants, and to methods of handling and 
storing many plant products. Furthermore, control of the fungous dis¬ 
eases and insect predators of plants often requires application of the 
principles of plant physiology. Much of the investigational work carried 
on by scientific agronomists, horticulturists, floriculturists, and foresters 
actually lies in the field of pure or applied plant physiology, although 

often it is not formally classed as such. 

The last hundred years have witnessed the evolution of the agricul¬ 
tural sciences from largely empirical arts into the realm of applied 
sciences. More progress has been made in their improvement during this 
period than during all previous history. In substantial part this develop¬ 
ment of a scientific approach to the practice of agriculture has come as 
a result of advances in our knowledge of the physiology of plants. 

Plant Physiology as a Science.—The origin of man’s first conscious in¬ 
terest in plants long antedates recorded history. Agriculture had already 
become a highly developed art thousands of years before any experi¬ 
mental study of plant processes began. Consequently, there had grown 
up a vast body of traditional plant lore which passed orally from father 
to son, generation after generation. This practical knowledge of plants 
developed over many centuries as a result of countless, mostly involun¬ 
tary, trial-and-error experiences and innumerable observations of plant 
behavior under all kinds of circumstances. Much of this mass of mingled 
facts and beliefs regarding plants is alive in the consciousness of the 
common man today. The closer he lives to the soil and the more familiar 
he is with traditional plant lore, the more they influence his thoughts 
and actions. 

Many of these -customarily accepted beliefs are essentially sound and 
most of them contain elements of truth. Others, however, are entirely 
erroneous, and not a few are tempered with superstitions, some of which 
have an unbroken lineage back to the days of witch-doctors and sav¬ 
agery. No reputable botanist has held for generations, for example, that 
plants obtain their food from the soil, yet this and many other falla¬ 
cious beliefs are still widely entertained among the general population. 

The value of practical information about plants should not be under¬ 
rated, since its perpetuation in the mind of man permitted the develop¬ 
ment of agriculture to a high plane as a practical art before any 
widespread investigation of plants from a scientific point of view was 
undertaken. Nevertheless, traditional plant lore frequently is not only 
inadequate, hut is riddled with misconceptions, and often suffers from 
points of view which are inherently stultifying to the acquisition of 
further knowledge. 

The layman, for example, often personifies plants in an attempt to 
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explain their behavior. Man has desires and foresight, and it is often 
assumed, either consciously or tacitly, that plants are similarly endowed. 
To manv, for example, the statement that “roots grow downward in 
search of water,” or that “stems grow upward in order to reach the 
light” are accepted as adequate “explanations” of plant behavior. Man’s 
knowledge that water and light are essential to plants is not evidence 
that plants are similarly aware of these facts. To assume that plants 
realize their needs and are able to act in conformity with their require¬ 
ments is equivalent to crediting them with a high order of intelligence. 
Explanations of plant behavior are commonly encountered in which pur¬ 
poseful action on the part of plants is tacitly or deliberately implied, 
although there is no justification for the adoption of such a point of view. 

Furthermore, the layman seldom pursues his quest for information 
about plants beyond the stage of observation, while the scientist fre¬ 
quently does. Observation has suggested, for example, that lg it is 
necessary for the continued existence of plants. To one "ho is scienti 
ically minded, either by instinct or training, the obvious next step is to 
test this postulate experimentally. If the suggested hypothesis is sub¬ 
stantiated by experiment it is tentatively accepted as a theory. Theories 
such as those proposed in explanation of the processes or reactions of 
plants, together with the experimental results which are considered to 
support them, are usually published in a scientific journal or monograph 
and thus exposed to evaluation and further experimental testing bv 


other scientists. . . 

Continued experimentation may lead to substantiation, rejection, or 

modification of the theory as originally proposed. Modification woul 

undoubtedly be the fate of the hypothesis used as an example since 

sooner or later some investigator would find that non-green p an s 


thrive in the absence of light. 

Experiments often raise more questions than they answer. New ap- 

proaches to the problem under consideration as well as < esira c ne 

lines of inquiry are constantly opening up to the alert inves lga 0T * ” 

this way experimentation leads to more experimentation, more ‘ 

accumulate, and more theories are proposed. Some o t le sugges c 

potheses are confirmed, others are rejected, and sti ot lers are m . 

Most of them, sound or fallacious, in turn suggest u ler o se 

and experimentation. As a result of such endless an pains a ing 

there is slowly built up that vast, complex, and ever-c langing 

knowledge which we refer to as a science. 

The system of subjecting all hypothetical explanations of natural 

phenomena to experimentation is the essence of experimen a 

Progressive modification of accepted concepts in t ie lg 1 ° nc " 



6 


THE FIELD OF PLANT PHYSIOLOGY 


mental findings continually increases the soundness of scientific gener¬ 
alizations. Thus there are incorporated into any science theories and 
generalizations in various stages of acceptance. Some stand upon such a 
firm substructure of facts that they are accepted by all authorities in 
the field. Others, less securely supported by experimental results, are 
subscribed to by some but rejected by other workers. Finally, in any 
science there arc always some theories which are so dubious that they 
find only a few advocates. Furthermore, some of the theories now 
widely held sooner or later will be discarded or modified as a result of 
new findings or as a consequence of different interpretations of facts 
already known. 

However, not all scientists are always in agreement regarding the in¬ 
terpretation of the same sets of facts. Although this state of affairs is 
entirely consistent with the spirit of scientific research, it is frequently 
puzzling to students and laymen. Differences of opinion regarding the 
hypotheses which suitably explain scientific phenomena are most likely 
to arise when experimental data are inadequate. Disagreements regard¬ 
ing the interpretation of experiments and observations are often inevi¬ 
table steps in the clarification of scientific generalizations. Controversies 
usually focus attention upon gaps in our factual information. Fre¬ 
quently, therefore, they are stimulating to research and often lead to a 
further enrichment of human knowledge. 

Without the knowledge of plant processes which has been slowly accu¬ 
mulated through more than two centuries of observation, experimenta¬ 
tion, and critical evaluation by numerous workers in all parts of the 
world, this book could never have been written. In spite of the patient 
labors of these many workers, vast gaps still exist in our understanding 
of the physiology of plants—gaps which are reflected in the necessarily 
inadequate treatment of many topics in this book. The future of this 
science and all others lies in the hands of the front-line investigators 
who wage a continual struggle for the extension of human knowledge. 
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PROPERTIES OF SOLUTIONS 


Water is the most abundant compound present in all physiologically 
active plant cells. The water which occurs in a liquid state in plant 
cells invariably contains other substances dissolved in it and usually 
also contains dispersed particles which are not in true solution. When 
the particles dispersed throughout the water are within a certain range 
of sizes the system of water plus particles falls into the category of 
colloidal systems. The complicated dynamics of living systems can >c 
largely interpreted in terms of the physicochemical properties of solu¬ 
tions and colloidal systems, one component cf which is water, although 
it should not be inferred that nonaqueous solutions and colloidal sys¬ 
tems are entirely absent in living organisms. 

Similarly liquid water never occurs in the pure state in the natura 
environment of living organisms. The water of streams, lakes, and oceans 
invariably contains various substances in solution an usua ^ in 
form of dispersed particles as well.' Tide is likewise true of the sod water 
Even raindrops, the pro,loots of natural distillation contain gases and 
other solutes which have dissolved in them from the atmosphere 

General Nature of Solutions.-Simplc solutions are systems n which 
one component (the solute) is dispersed throughout the other.(the sol¬ 
vent) in the form of molecules or ions. Theoretically the solvent may be 
a gas, a solid, or a liquid, but solutions in which the solvent . a liquid 

are by far the most important in living organisms, -xcep nart j c i cs 
concentrated solutions the average distance between the solute partroles 
is usually very great relative to their sise. Naturally oeeurr ng solut ons 
whether in living organisms or their environment, usually .contain a 

number of different solutes and are often exceedingly " 

is the commonest and most important of all solvents both in the in 

7 
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organic world and in the realm of living organisms. The further dis¬ 
cussion will be principally in terms of aqueous solutions. 

Solutions of a Gas in a Liquid.—The water present in living organisms 
usually contains dissolved gases. Those most commonly present are 
carbon dioxide, oxygen, and nitrogen. Practically all the water in the 
environment of organisms—in oceans, lakes, streams, soils, and rain¬ 
drops—also contains these gases in solution, and sometimes others as 
well. 

A given volume of water or any other liquid will hold only a limited 
quantity of gas in solution at a given temperature. When no more of a 
certain gas can be dissolved in a liquid it is said to be saturated with 
respect to that gas. Gases vary widely in their solubility in water, but 
in general fall into two groups: those which are sparingly soluble, and 
those which are highly soluble. When only a small fraction of a unit 
volume of a gas will dissolve in a unit volume of water the gas is clas¬ 
sified in the sparingly soluble group. When from one to many unit vol¬ 
umes of a gas will dissolve in one unit volume of water it is classified 
in the highly soluble group. 

Oxygen, hydrogen, and nitrogen are familiar examples of gases be¬ 
longing to the first group, while carbon dioxide, ammonia, and hydrogen 
chloride are examples of the second. When gases are highly soluble in 
water it is usually evidence that a chemical reaction takes place between 
the gas and water. The reactions between water and carbon dioxide and 
water and ammonia are indicated in the following equations: 

CO, + H,0 <=± H 2 CO, 

NH, + H,0 NH 4 OH 

In a solution of such gases not only are molecules of the gas present, 
but also molecules of a compound formed by the reaction of the gas with 
water. The apparently great solubility of gases such as these results 
from the formation of relatively soluble compounds by the reaction of 
the gas with the water. The solubilities of some common gases in water 
are shown in Table 1. 

In general, as also shown in Table 1, an increase in temperature de¬ 
creases the solubility of a gas in a liquid. 

Increase in pressure of a gas above a liquid increases the solubility, 
i.e. f the concentration of that gas in the liquid. For sparingly soluble 
gases the increase in solubility is directly proportional to the increase* 
in pressure (‘Law of Henry”). This principle also holds qualitatively, 
but not quantitatively, for the very soluble gases. 

When a mixture of several gases is maintained over water, each 
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dissolves independently and in accordance with the gaseous pressure 
(“partial pressure”) which it exerts against the surface of the water 
(“Law of Dalton”). This principle holds strictly only for those gases 
which are slightly soluble in water. For example, about one-fifth of the 
atmospheric pressure results from the oxygen present. Assuming an at¬ 
mospheric pressure of 760 mm. Hg (the value at standard conditions), 
the pressure resulting from the oxygen is equivalent to about 152 mm. 
Hg. The quantity of oxygen which dissolves in water exposed to the aii 
is the same as that which would dissolve if oxygen only at a pressure 
of 152 mm. Hg occupied the space over the water. 


TABLE I— SOLUBILITY Of SOME COMMON OASES IN WATER AT DIFFERENT TEMPERATURES 

WHEN THE PRESSURE OF THE GAS IS ONE ATMOSPHERE 



Solutions of a Liquid in a Liquid.—In general, solutions of a liquid in a 
liquid fall into two classes: those in which the liquids are free y misci 
with each other in all proportions, and those in which each liquic reac is 
a definite point of saturation in the other. Ethanol (ethyl a c0 10 an 
water, for example, mix with each other in all proportions, sue a so u 
tion is an example of the first mentioned type. Many oi y 1C 1 U1 8 
are miscible with each other in all proportions. A 
the solution of lubricating oil in gasoline. In solutions o 13 eq 

liquid present in excess is usually considered to be t e so ven . 
per cent solution of ethanol and water, either liquid cou e co 

the solvent, or either could be considered the solute. 

Ether, chloroform, and many other liquids are sparingly soluble ! 

water. After water and ether, for example, are shaken oge er ’ 

two distinct layers of liquid separate upon standing. The upp Y 
consists of the lighter ether, saturated with water and the o 
****« of water saturated with ether. In both layers, owever, ether 

tration of solute present at saturation is small. In t e upper a > r 
i* the solvent, water the solute; the opposite is true o e 

Solution* of o Solid in a Liquid— This is by far the most familiar type 
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of solution and in many respects the most important. Substances in the 
solid state vary greatly in their solubility in water, ranging all the way 
from those which are virtually insoluble to those which are extremely 
soluble. There is usually a limit to the amount of any solute which can 
be dissolved in a given volume of water at a given temperature. When 
this limiting concentration is reached the solution is said to be saturated , 
following the same terminology used with solutions of gases and liquids 
in liquids. It is almost impossible to prepare a true saturated solution 
of any solute unless some of it is also present in the solid state. Under 
certain conditions, and only when none of the undissolved solid is pres¬ 
ent. a super-saturated solution can be prepared; i.e., a solution in which 
the concentration of the solute is greater than that in the saturated solu¬ 
tion. If a fragment of the solid solute be added to such a solution, the 
excess solute usually crystallizes out immediately, and the concentration 
of the solution decreases to that usually present at saturation. 

Usually increase in temperature increases the solubility of a solid in a 
liquid, but there are some exceptions to this principle. The solubility of 
common salt (NaCl) in water, for example, is only slightly influenced by 
temperature, whereas the solubility of many calcium compounds is de¬ 
creased by an increase in the temperature of water. 

Methods of Expressing the Composition of Solutions. —If a mol 1 of anv 
soluble compound be dissolved in just enough water to make exactly one 
liter of solution, the result is a volume molar solution. Since the volume 
of water changes with temperature, it is usual to specify that the solution 
is to be made up to a liter volume at 20°C. Whenever the word molar is 
used without qualification, this type of solution is meant. Similarly, if 
half the molar weight or ojne-tenth the molar weight of a substance be 
dissolved in enough water to make exactly one liter of solution, the result 
is a halt molar (0.5 M) or tenth molar (0.1 it/) solution, respectively, etc. 
Oram molar weights of all substances contain the same number of mole¬ 
cules. The best estimate to date shows this number to be about 6.02 X 10 23 
molecules. Hence, one liter of any volume molar solution will contain this 
number of solute molecules, one milliliter (0.001 liter) will contain one 
thousandth of this number, and so on. Equal volumes of all solutions of 
the same volume molarity contain the same number of solute molecules 
but different numbers of solvent molecules. If a given volume of a volume 
molar solution be diluted with an equal volume of water, the result is a 
0.5 M solution; if a given volume be diluted with nine volumes of water, 
the result is a 0.1 M solution, etc. Therefore a volume molar solution of 
any strength may be diluted with water, and the resulting more dilute 
solution will have a volume molarity in proportion as it has been diluted. 

1 A mol is the molecular weight of a compound in grams. 
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If a mol of any soluble substance be completely dissolved in 1000 g. 
of water, the result is a weight molar or molal solution. Such solutions are 
used principally in experimental work upon various osmotic phenomena 
The addition of a mol of most solids to a liter of water increases the vol¬ 
ume of the resulting solution to more than one liter. This increase in 
volume is called the solution volume of the solute. The solution volume 
of many substances is very small, and for a few it is even negative, \.e., 
there is a shrinkage in volume when the solute is added to the solvent. 
On the other hand, the solution volume of some compounds, especially 
the sugars, is considerable. When a mol of sucrose is added to 1000 g. of 
water, the resulting solution will have a volume of 1207 cc. at 0°C. Hence 
the solution volume of a mol of sucrose is 207 ml. The solution volume of 
a mol of sodium chloride, on the other hand, is only about 18 ml. Since 
every solute has a different solution volume, it follows that equal volumes 
of molal solutions of different substances do not contain the same number 
of either solvent or solute molecules. Dilution of a given volume of a 1 
molal solution with an equal volume of water does not result in a 0.5 
molal solution because such solutions must be diluted in terms of the 
volume of solvent present, not in terms of the total volume of the solution. 

In physiological work it is often convenient to make up solutions on 
a percentage basis. Unfortunately not all workers follow the same rules 
for the preparation of percentage solutions. The simplest and least ambig¬ 
uous procedure to follow is to make all such solutions strictly on the basis 
of percentage by weight. A 10 per cent solution of sodium chloride, for 
example, is made by dissolving 10 g. of sodium chloride in 90 g. of water. 
Similarly, a 20 per cent solution of acetone is made by mixing 20 g. of 
acetone with 80 g. of water. Solutions of liquids in liquids, such as the 
immediately preceding example, are often made up according to percent¬ 
age by volume. Because of the shrinkage in total volume which often 
results when two liquids are mixed, however, this is not a very satisfactory 
procedure. 

Electrolytes and Non-Electrolytes.— Some aqueous solutions readily con¬ 
duct an electric current; others do not. The former are called electrolytes; 
the latter non-electrolytes . 2 The solutions of all acids, bases, and salts are 
electrolytes. Solutions of most organic compounds such as the sugars, 
alcohols, ketones, and ethers are non-electrolytes. 

Passage of an electric current through an electrolyte results in ‘^ de¬ 
composition. This process is called electrolysis. If hydrochloric acid is 
the electrolyte, for example, hydrogen gas will be liberated at the nega- 


* Strictly Breaking the term electrolyte refers only to a solution >f , p °. n ‘ zr< ^^' 
stance, but it is also often applied to any compound which w on . 

produces ion b. A similar dual usage of the term non-electrolyte also prevails. 
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tive pole ( cathode ) and chlorine gas will be liberated at the positive pole 
(anode). If electrolysis is continued long enough, eventually all of the 
hydrochloric acid present in the system will be decomposed into hydro¬ 
gen gas and chlorine gas. 

The occurrence of electrolysis, as well as the unusually large effects 
of electrolytes on the osmotic pressures of solutions (Chap. VI), has led 
to an explanation of the behavior of electrolytes in terms of the theory of 
electrolytic dissociation. This theory was first advanced by the Swedish 
chemist Arrhenius in 1887. According to the Arrhenius theory, when an 
electrolyte is dissolved in water some of the molecules dissociate into two 
kinds of particles, one positively charged, the other negatively charged. 
Each of these particles is called an ion. Ions are supposed to be present 
in a solution whether any electrolysis occurs or not. Two, three, four, or 
even more ions may be formed from a single molecule. The conduction 
of an electrical current by an electrolyte is a consequence of the presence 
of these ions. The dissociation of several typical electrolytes is indicated 
by the following equations: 

NaCl <=* Na + + Cl~ 

CaCl 2 <=> Ca++ + Cl- + Cl~ 

Na 2 SG 4 Na+ + Na+ + SO — 

The positively charged ions, which in electrolysis migrate toward the 
cathode, are called cations; the negatively charged ions which migrate 
toward the anode are called anioris. A cation may carry one, two, three, 
or even four positive charges; an anion may carry from one to several 
negative charges. When an electrolyte dissociates, the number of positive 
charges carried on the cations is always equal to the number of negative 
charges carried by the anions. 

The Arrhenius theory does not assume complete ionization of all of the 
solute molecules in an electrolyte but that the molecules are continuously 
dissociating into ions, while free ions in the solution are continuously 
reuniting and forming molecules, both processes proceeding at an equal 
rate whenever an equilibrium condition prevails. An equilibrium of this 
sort, which is maintained by two opposing processes proceeding at equal 
rates, is termed a dynamic equilibrium. Electrolytes vary greatlv in de¬ 
gree of ionization (Table 2). Those in which a large proportion of the 
molecules are maintained in a dissociated condition are termed “strong” 
electrolytes; those of which the contrary is true, “weak” electrolytes 
strong electrolyte solutions conduct electric currents better than “weak” 
electrolyte solutions of equal concentration. In general the more dilute 
a given electrolyte solution the larger the proportion of dissociated 
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molecules present. In extremely dilute solutions ionization is practically 
complete. 

It is probable that many of the so-called non-electrolytes also disso¬ 
ciate very slightly in solution, but the degree of ionization of such com¬ 
pounds is so small that it can be detected only by very refined methods, 
if. at all. Even water, as the subsequent discussion will show, dissociates 

slightly, producing hydrogen and hydroxyl ions. 

The theory of electrolytic dissociation accounts much more satisfacto¬ 
rily for the behavior of weak electrolytes than of strong electrolytes. 
Furthermore, X-ray studies of the crystals of electrolytes, such as sodium 
chloride, show them to be composed wholly of ions. For these and other 
reasons Debye and Hiickel (1923) advanced a modification of the original 
dissociation theory which reconciles otherwise conflicting facts. 


TABLE 2—DEGREE OF DISSOCIATION Or NORMAL SOLUTIONS OF SOME 

COMMON ELECTROLYTES 


Electrolyte 

Degree of 
Dissociation 

Electrolyte 

Degree of 
Dissociation 

HNOi 

82 per cent 

Ba(OH), 

69 per cent 

HC1 

78 

KC1 

74 

H»SO« 

5* 

BaCl, 

57 

KOH 

77 

K 1 SO 4 

59 

NaOH 

73 

CUS0 4 

22 


According to the Debye-Huckel theory all strong electrolytes are com¬ 
pletely ionized in solution. The fact that they appear to be only partly 
ionized is accounted for in terms of interionic attractions. ie anions 
and cations of NaCl, for example, attract each other, and this attraction 
is so great that a considerable proportion of the ions present become im¬ 
mobilized. Thus there are supposed to be present in the solution o 1 
immobile or bound cations and anions, and mobile free cations an anions. 
The two categories of ions are supposed to be in dynamic equilibrium 
with each other. The greater the dilution of the solution, the greater 11 

proportion of free to bound ions. , , . , . 

One further aspect of this theory should be mentioned^ A bivalent 

tion such as Ca ++ carries twice the positive charge carrie y a 
cation such as Na+. Such bivalent cations attract anions more strongly 
than univalent cations. Hence, in a solution of CaCl 2 there is a larg 

proportion of immobile ions (equivalent to a smaller egree o ,onl * a 
than in a solution of NaCl of equal concentration In a solution ol • 
both ions being bivalent, the proportion of immobile ions is <-\t 8 ’ 

resulting in a still lower apparent degree of ionization ( 1 a >le . 
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The consequences of electrolyte behavior as pictured by the Debye- 
Hiickel theory are almost identical with those pictured by the original 
Arrhenius theory. According to the Debye-Hiickel theory the degree of 
ionization of an electrolyte represents the proportion of free ions in a so¬ 
lution in contrast to immobile or bound ions; according to the Arrhenius 
theory it represents the proportion of ions in contrast to undissociated 
molecules. 

Acids, Bases, and Salts.—An acid may be defined as a substance which 
forms hydrogen ions (H+) when dissolved in water. Since H + is a pro¬ 
ton (i.e. } a hydrogen atom minus an electron), from another point of 
view an acid can be considered to be a compound which is a proton donor. 
For various reasons it is considered unlikely that free protons wander at 
large in a solution, and there is evidence that each proton (hydrogen ion) 
becomes loosely attached to a water molecule, becoming a hydronium 
ion (H 8 0 + ). From this point of view the ionization of an acid represents 
a reaction with water: 


HC1 + HjO <=± H a O+ 4- Cl- 

Although this theory of the ionization of acids is widely accepted, in ac¬ 
tual practice the symbol H + is still generally used in discussions of acid¬ 
ity and hydrogen ion concentration. 

The most common inorganic acids are hydrochloric (HC1), nitric 
(HNOa), and sulfuric (H 2 S0 4 ). In living organisms a large group of more 
complex, but much weaker acids, known as organic acids, play important 
roles. The “strength” of an acid depends upon its degree of ionization; 
the greater the proportion of hydrogen ions an acid produces in solution 
at a given concentration, the “stronger” it is. 

A base may be defined as a substance which produces hydroxyl ions 
) w hen dissolved in water. The characteristic properties of bases 
result from the hydroxyl ions produced. Some of the commonest bases 
are sodium hydroxide (NaOH), calcium hydroxide (Ca(OH) 2 ), and po* 
tassium hydroxide (KOH). The “strength” of a base, like that of an acid, 
depends upon its degree of ionization. The greater the proportion of hy¬ 
droxyl ions a base produces in solution at a given concentration, the 
“stronger” it is. 

A salt may be defined as a compound which has been formed by the 
union of an anion or anions of an acid with the cation or cations of a base. 
Salts are formed when an acid and a base are brought together in a solu¬ 
tion, as a result of a chemical union between the hydrogen ion(s) of the 
acid and the hydroxyl ion(s) of the base, forming water. This reaction is 
called neutralization. Following are several examples: 
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HC1 4- NaOH XaCl 4- H 2 () 


H 2 S0 4 + 2 KOH 
2 HC1 + Ca(OH) 2 


K 2 SO< + 2 H 2 0 
CaCl 2 4- 2 Ii 2 0 


Since water is practically undissociated, neutralization reactions go rap¬ 
idly to completion. The reverse reaction, indicated in the above equa¬ 
tions by the arrows pointing to the left, is called hydrolysis. 

Under certain conditions hydrolytic reactions may proceed at a rapid 
rate, although in the examples presented above the speed of the reaction 
toward the left (hydrolysis) is negligible compared with the speed of the 

reaction toward the right (neutralization). 

Normal Solutions.—The concentrations of acids and bases are most 
commonly expressed in terms of normal solutions. A normal solution of 
an electrolyte contains in a dissolved state per liter of so ution a 
a weight of the compound in grams equal to its molar weight divided >v 
its hydrogen equivalent. The hydrogen equivalent of a compound is de¬ 
fined as the number of replaceable hydrogen atoms in one molecule, or 
the number of atoms of hydrogen with which one molecule could react. 
Thus a normal solution of an acid contains 1.008 g. of replaceable hydro¬ 
gen per liter; a normal solution of a base 17.008 g. of replaceable hy¬ 
droxyl per liter. By this system the concentration of any acid. base, or 
salt can be designated as 0.1 .V, 0.5 N, 2 N, etc., as the case may be. 

The normality of an acid solution is a measure of its total and’ty, i 
of its concentration in terms of replaceable hydrogen ions . imilarly the 
normality of a base solution is a measure of its total basicity, tone* MX* 
g. of replaceable hydrogen represents the same number of ions as 17.0 8 g. 
of replaceable hydroxyl, it is evident that equal volumes of acid and base 
solutions of equal normality will exactly neutralize each other. 

Hydrogen Ion Concentration.-The effects of acids upon chemical reac¬ 
tions and upon physicochemical conditions generally in both inorganic 
systems and in living organisms result principally from the hydrogen ions 
which they produce when in solution. Some of the most fundamental of 
physiological phenomena are markedly influenced by the concentration 
of hydrogen ions in the medium in which they occur. For many purpose*, 
therefore, it is more important to have some sort of a measuring.stick 
the concentration of hydrogen ions present in a solution than of 

acidity of the solution. , . . « 

Total acidity, as already noted, is customanly expressed n terms ot 

normality. It is also entirely possible to use the norma system or ex¬ 
pressing the concentration of hydrogen ions. A normal solution of hydro¬ 
chloric acid, for example, behaves as if about 78 per ccn o ' 

are dissociated. The tern, "normal” as used in the preccdmg sentence re- 
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fers to total acidity, i.e., to all the ionizable hydrogen whether actually 
present as ions or combined with anions in the form of molecules. In 
terms of the hydrogen ions present, however, such a solution is only 0.78 
iV. The term '‘normal” as used in this latter sense refers only to the ion¬ 
ized hydrogen. We may speak, therefore, of a normal solution of hydro¬ 
gen ions as well as of a normal solution of an acid. 

Since no acid ever behaves as if completely dissociated, a normal solu¬ 
tion of any acid will always be less than normal when its concentration 
is expressed in terms of the hydrogen ions present. In order to prepare 
a normal solution of hydrogen ions it is necessary to make up a solution 
which is more than normal in terms of total acidity. Such a solution must 
be of the precise strength and degree of dissociation that exactly 1.008 g. 
of the ionizable hydrogen present are actually in the dissociated form— 
as ions—per liter of the solution. 

Although hydrogen ion concentration can be readily expressed in terms 
of normalities, in actual practice this system is not generally used because 
it is likely to prove cumbersome,-especially when it is necessary to refer 
to the very small concentrations of hydrogen ions usually dealt with in bi¬ 
ological problems. The hydrogen ion concentration of a solution is gener¬ 
ally defined in terms of its pH value. The pH value bears a simple math¬ 
ematical relation to the hydrogen ion concentration of a solution in terms 
of its normality. Because of the practically universal acceptance of this 
system it is necessary to understand the significance of the term pH and 
its relation to hydrogen ion concentration expressed in terms of normality. 

The relation between pH and hydrogen ion concentration in terms of 
normality is a logarithmic one (Table 3). The pH of a normal solution 
of hydrogen ions is 0, of a 0.1 N solution 1, of a 0.01 N solution 2, and so 
forth. Zero is the logarithm of 1, 1 is the logarithm of 10, 2 is the loga¬ 
rithm of 100, and so forth. The pH value for any solution is the negative 
of the logarithm of the hydrogen ion concentration in terms of normality. 
It may also be defined as the logarithm of the number of liters of solu¬ 
tion that contains one gram atomic weight of hydrogen ions. 

All aqueous solutions as well as pure water contain hydrogen ions in 
some concentration. Corresponding to the concentration of hydrogen ions 
is a certain definite concentration of hydroxyl ions. This concentration 
of hydroxyl ions is indicated in Tabic 3 as pOH. It can be shown by the 
principle of mass action that the mathematical product of the concentra¬ 
tion of hydroxyl ions and the concentration of hydrogen ions in a solu¬ 
tion is a constant. This may be expressed as follows: 


(H + ) X (OH~) = K. 


K = 10-“ at 22°C. 



TABLE 3—THE RE LA TX OH OF pH TO HYDROOEH-IOH COHCEHT RATION EXPRESSED IN TERMS OF NORMALITY 
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Hence, as the pH of a solution is increased, the pOH decreases and vice - 
versa. For example, if the pH increases from 5 to 6 , the pOH decreases 
from 9 to 8 . 

Furthermore, only at pH 7 can the concentration of hydrogen ions equal 
the concentration of hydroxyl ions. This is, therefore, the neutral point on 
the pH scale (at 22 °C.) and corresponds to the dissociation of pure water. 
This pH value represents a dissociation of only one water molecule in 
approximately every 555 , 000 , 000 . 

Values below 7 on the pH scale represent the acid range, those above 
7 the alkaline range of the scale. An “acid” solution is one with a larger 
concentration of hydrogen ions than hydroxyl ions, while in an “alkaline” 
solution the reverse is true. The lower the pH value the greater the hy¬ 
drogen ion concentration of a solution. A pH value of 5 represents ten 
times the hydrogen ion concentration of a solution with a pH of 6 and 
one hundred times the hydrogen ion concentration of one with a pH value 
of 7 . This is a consequence of the fact, previously emphasized, that the 
numbers on the pH scale are related to each other as logarithms and not 
as ordinary arithmetic numbers. 

The hydroxyl ion concentration of a solution could be expressed in pOH 
units instead of in pH units. For alkaline solutions especially this would 
seem to be a logical practice. But because of the definite mathematical 
relationship between the pH and pOH, the pH value alone also defines 
the pOH value. Hence both the acidity of a solution in terms of H + ions 
and its alkalinity in terms of OH - ions may be, and customarily are, ex¬ 
pressed in terms of pH units. 

Table o shows orly the pH values corresponding to the range between 
a normal solution in terras of hydrogen ions and a normal solution in 
terms of hydroxy» ions. It is possible for aqueous solutions to exist which 
have a pH value ot less than 0 (f.c., a minus pH value) or more than 14 . 
A 5 A r solution of hydrochloric acid, for example, would have a pH value 
of a little less than 0 ; correspondingly a 5 .V solution of sodium hydroxide 


TABLE 4 -- pH VALUES OF SOME COMMON ACIDS AND BASES 


Acid or Base 

Normality 

PH 

HCl 

I .O 

O. IO 

HCI 

CHjCOOH 

O . I 

1 .O 

I .071 

2. t66 

CHjCOOH 

O. I 

2.866 

NaOH 

I .O | 

14.0c 

' NaOH 

O. I 

* j 

i ?. 07 

NH«OH 

I -O 

0 / 

11.77 

NH«OH 

O. I 

11.27 
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would have a pH value a little greater than 14 . Table 4 gives the pH 
value for solutions of some common acids and bases. 

Buffer Action— The initial pH value of a 1 N solution of sodium chlo¬ 
ride will not differ appreciably from that of the water with which it is 
made . 3 If, however, 1 ml. of a 1 AT hydrochloric acid solution be added 
to 10 ml. of a 1 N solution of sodium chloride the pH of the resulting 
mixture will be found to have dropped abruptly to a value of about one. 
If, on the other hand, a 1 N hydrochloric acid solution be added, 1 ml. 
at a time to 10 ml. of a 1 IV solution of sodium acetate, it will be found 
that change in the pH of this solution takes place much more slowly 
These facts, as well as the others discussed in this section, are illustrated 



eraDhicallv in Fig 1 . It is evident that the sodium acetate solution retards 
r 6 te w & ; changes in pH value upon the addition of an acid while a 

solution of sodium chloride does not. , , 

Solutions of such compounds as sodium acetate which are relatively 

resistant to changes in pH resulting from the addition or loss oii hydro¬ 
gen or hydroxyl ions are known as buffer solutions, and this PropeHy o 
solutions is called buffer action. Solutions such as sodium chloride which 

show no buffer effect are called unbuffered solutions 

If 1 ml of a 1 AT sodium hydroxide solution be added to 10 ml. of a 

1 N solution of sodium chloride, a marked increase in pH will occur. If 
1 ml “same solution be added to 10 ml. of a 1 .V solution of sodium 

•The pH of distiUcd water when in equilibrium with the carbon dioxide of .he 
atmosphere is about 5 . 7 . 
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acetate, its pH will also increase markedly. In other words, the sodium 
acetate solution is buffered against the addition of an acid, but not against 
the addition of a base. If, on the other hand, 10 ml. of a 1 N solution of 
acetic acid be substituted for the sodium acetate, it will be found that 
this solution is strongly buffered against the introduction of hydroxyl 
ions into the solution. A mixture of equal volumes of molar sodium ace¬ 
tate solution and molar acetic acid solution will exhibit buffer action 
against both acids and bases over a considerable range of the pH scale. 

Different buffer solutions vary greatly in their effectiveness in main¬ 
taining pH stability. Some are strongly buffered against acids and weakly 
buffered against bases; of others the converse is true. The commonest 
types of buffer systems are those composed of a weak acid plus one of 
its salts. The sodium acetate-acetic acid buffer system already described 
is such a system. Practically all of the buffer solutions of importance in 
living organisms belong to this group. 

Buffer action consists essentially in the tying up of free hydrogen or 
hydroxyl ions nearly as rapidly as they are introduced into the solution 
by the formation of compounds which are only slightly dissociated. The 
ensuing change of pH is therefore relatively small in proportion to the 
volume of acid or base added. As an illustration let us consider once more 
a solution consisting of both sodium acetate and acetic acid dissolved in 
water. 

These two compounds dissociate as follows: 

CHsCOONa «=± CH,COO- + Na+ 

CIIjCOOH <=> CHaCOO- 4- H + 

The sodium acetate is strongly dissociated, but the acetic acid will dis¬ 
sociate only slightly, being a weak acid. 

Suppose now that a little HC1 be added to this solution. This is equiva¬ 
lent to adding H 1 and Cl - ions and HC1 molecules; the latter, however, 
will dissociate, forming additional ions as rapidly as the H + and Cl“ 
ions already present are bound up in chemical combination. H + and 
CH3COO ions cannot exist side by side in the same solution in appreci¬ 
able concentrations since CH3COOH is a poorly dissociated compound. 
Hence the added H 4 ions are almost all tied up in the formation of 
CH3COOH. The Cl ions form NaCi with the Na + ions which dissociates 
in the usual way. The result is that there is only a slight increase in the 
concentration of hydrogen ions in the solution, and hence only a very 
slight reduction in pH value. 

Suppose now that instead of HC1, a little NaOH be added to this solu¬ 
tion. This is equivalent to adding Na+ and OH“ ions and NaOH mole- 
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cules; the latter, however, will produce additional ions by dissociating 
as rapidly as the Na+ and OH" ions already present are tied up in 
chemical combination. But OH" and II + ions cannot exist side by side 
in the same solution in appreciable concentrations since H,0 is only 
slightly dissociated. Most of the added OH" ions therefore combine with 
the H + ions produced by the CH 3 COOH and form H,0. More of the 
CH3COOH dissociates producing more H+ ions, which in turn unite with 
more of the OH" ions. This continues until practically all °f the added 
OH" ions are tied up. The Na+ ions form CH 3 COONa with the CH 3 COO 
ions which dissociates in the usual way. The final result is that, there is 
only a very slight decrease in the concentration of H+ 10 ns in the system, 
and hence only a very slight increase in its pH value. 

Any mechanism which will act in such a way as to remove hydrogen or 
hydroxyl ions from a solution may operate as a buffer system. Other types 
of buffering are known but they are probably of much less importance 
in living organisms than the type of chemical mechanism which has just 

been considered. 
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2. Given a 1 molar solution, how would you prepare 125 cc. of a 0.75 molar 
solution? Given a 0.5 molar solution, how would you prepare 50 cc. of a 0—o 
molar solution? 

3. What is the molal concentration of a 20 per cent sucrose solution. 

4. When a molal solution of sucrose is prepared by adding 342.2 g. of sucrose 
to 1000 g. of water, the volume of the resulting solution is 1207 cc. at 0 C. 

What is its molar concentration? . 

5. How much water must be added to the 1207 cc. of molal solution (question 

4) in order to convert it into a 0.5 molal solution? 

6. If 15 cc. of KOH solution requires 17.5 cc. of 1 N HC1 solution to neutral¬ 
ize it, what is the normality of the KOH solution? _ . 

7. If an electrolyte from which two ions form is 75 per cent dissociated, what 
will be the per cent of dissolved particles (ions plus molecules) in the solution 
relative to the number of particles which would be present if no dissociation 
occurred? Answer the same question for an electrolyte from which three ions 

form. e 

8. If the pH of a molar solution of hydrochloric acid is 0.1 and the pH of a 

molar solution of acetic acid is 2.37, what is the total acidity of each of these 

solutions? # 

9. How much greater is the concentration of hydrogen ions in a solution of 

pH 4 than one of pH 7? One of pH 3 than one of pH 9? 

10. Why will an increase in the C0 2 content of water result in an increase in 
its hydrogen ion concentration? 

11. Why will the addition of a base to water decrease the concentration of 
lndrogen ions present? 


COLLOIDAL SYSTEMS 



Most of the problems that confront the plant physiologist lead ulti¬ 
mately to a consideration of one phase or another of the stnicture and 
physicochemical properties of colloidal systems. When reduced o the.r 
ultimate tangible mechanism, physiological processes are found e.the to 
occur in a colloidal matrix or to be strongly influenced by the eol o.da 

organization of the cells in which they take place. The "' orl l of h ™« 
organisms has, in fact, been molded largely on a colloidal pa Mem ..It 
quite impossible, therefore, to obtain any adequate com, rehens on of 
physiological processes without a background of facts and principles 

-a ssias*. —*• - 

of plants and animals are also essentially col 01 a . ° .j oi( i a j con _ 

considerable proportion of matter in the colloi a or n 

dition, and owe many of their most distinct,ve propels■ * th^fact. 

Few streams or bodies of water are entirely ree ron matter in 

loidal condition. Clouds, fogs, mists, and smoke also represent matter 

^General 1 Natu^of Colloidal Systems.-If a little sugar be “ 

water the crystals soon disap P ea [,™* n 7djTereed throughout the water 
have been separated from each other and P mn ]p CU i es 0 r ions of 

_ • hetween the molecules of another substance, 
one substance are dispersed in between th water a 

If, instead of sugar we stir j^he “utparticles do not separate into 
different sort of a system results, lhe s i , throughout the 

their constituent molecules, but simply panicles in a suspension 

liquid. Such a system is called a are 

are large enough to be seen readily u ettle ou t a nd the two 

not stable systems, because the particles slowly settle 
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original components become separated within a relatively short period 
of time. 

Similar systems can be prepared by vigorously shaking together two 
immiscible liquids such as oil and water. Such systems are called emul¬ 
sions. Emulsions are not stable unless there is also present in the system 
a third component called an emulsifier. 

Still another type of system consisting of particles dispersed through 
water can be prepared. If a trace of sulfur be dissolved in a small volume 
of alcohol which is then poured into a somewhat larger volume of water, 
a cloudy opalescent liquid will result which is composed of sulfur par¬ 
ticles dispersed through water. This type of system is intermediate in its 
properties between solutions and suspensions. The dispersed particles are 
not molecules, but, as in suspensions, aggregates of molecules. Unlike 
suspensions, however, such systems are relatively stable, as the particles 
will remain dispersed throughout the liquid indefinitely. The sulfur-in¬ 
water system which has just been described is a simple example of a col¬ 
loidal system. 

Colloidal systems, as the preceding discussion has indicated, are two- 
phased systems. Unlike solutions, however, the particles of the dispersed 
phase are not in the molecular or ionic condition, but—with certain ex¬ 
ceptions to be noted shortly—are molecular aggregates. One colloidal 
particle is often composed of hundreds or even thousands of molecules 
lumped together. The molecular aggregates must not be so large, how¬ 
ever, that the particles settle out of the system, as stability is one of the 
essential attributes of colloidal systems. In general, if the dispersed par¬ 
ticles fall within the range of 0 . 001 - 0.1 \i in diameter, the system is con¬ 
sidered a colloidal system; if larger than this, a suspension or an emulsion; 
and if smaller, a solution. The individual molecules of some substances 
(certain dyes, some proteins) are so large as to bring them within the 
colloidal range of dimensions. Hence molecular dispersions of such sub¬ 
stances are simultaneously both solutions and colloidal systems. The 
limits generally accepted for the range of sizes of colloidal particles have 
been somewhat arbitrarily set and actually there is no sharp boundary 
between colloidal systems and suspensions on the one hand, or between 
colloidal systems and solutions on the other. There is a perfect gradation 
in properties from one type of system to the next. The properties of sus¬ 
pensions or emulsions in which the suspended particles are of small di¬ 
mensions approach those of colloidal systems, while the smaller the dis¬ 
persed particles in a colloidal system the more closely it approaches a 
solution in its properties. 

Particles of suspensions and emulsions can ordinarily be seen under 
a microscope, but those of colloidal systems cannot. Colloidal particles 
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can be detected, however, under the electron microscope (Chap. IV) or 

under the ultramicroscope (sec later). 

Interfacial Area of Colloidal Systems.-Thc most important properties 
of colloidal systems are a consequence of the small size of their dispersed 
particles. As the size of the particles becomes smaller their aggregate 

surface area becomes greater (Table 5 ). 

TAf „ 5 —EFFECT OF TH. SURFACE «xro«0 BV A C.V.K 

* MASS OF MATERIAI. 


Length of one edge 

Number of cubes 

i cm. 

i mm. 

o.i mm. 

o.oi mm. 

1.0 fi 

I 

io 3 

io* 

IO 9 

IO 12 

Colloidal o.i a* 

Range of o.oi n 

Sizes o.oo i ti 

-o \ \ 


Total surface 


6 square cm 
(rO 
Goo 
6ooo 

6 square m. 


6c square m 

/ H «« 

boo 
(<ooo 


* • 


AS shown in Table 5, the 

up into cubes 0 001 l\° n an ^ meters. This represents an m- 

colloidal particles), will be 6000 square ™^ q{ a cubc , cm . 

crease of 10 , 000,000 times oyer the exposed between 

on an edge. The contact surfaces between .i solid and a hq^ ^ ^ 

two immiscible liquids are known particles and the liquid in 

to the contact surfaces tu J 0 f colloidal systems is enor- 

which they arc dispersed. The material which is dispersed. 

mous in proportion to i ac colloidal systems are a conse- 

Some of the most important propertie 

quencc of their enormous ,nt y' a ” ristieally the seat of the phenome- 

Adsorption.— Interfaces ar « , f adsorption is illustrated in 

non called adsorption. A simp e ex methylene blue is dissolved 

the following experiment. Enough of the dye^m ^ ^ g of activat * d 

in water to make about a 0.05 P er CL solution. Upon filtering the 

charcoal is then stirred into ab-out 5° ml, 0 -1 ^ poured QVer 

filtrate is found to be colorless A ^ mQst> if not a H, of 

the charcoal on the filter I ,a P er alcohol. In the experiment just de- 

the methylene blue redisso v retained, i.e., adsorbed, at the 

scribed the methylene blue mo ecu fQrceg between the methyl- 

carbon-water interfac “' J'^rbon molecules are greater than those be- 
ene blue molecules and the 
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tween the methylene blue molecules and the water molecules. The attrac¬ 
tion between the alcohol molecules and the methylene blue molecules, 
however, is greater than that between the carbon and methylene blue 
molecules; hence the adsorbed molecules are released when ethanol re¬ 
places water as the liquid component of the interface. 

Adsorption consists of an interfacial concentrating of molecules such 
as occurs to those of methylene blue at a carbon-water interface and is 
a phenomenon of very general occurrence, taking place at all kinds of in¬ 
terfaces. Adsorption of gas molecules at solid-gas interfaces is a common 
phenomenon. Solutes may be adsorbed at solid-liquid, liquid-liquid, or 
liquid-gas interfaces. Solvent molecules, such as those of water, also be¬ 
come adsorbed at certain kinds of interfaces. Adsorption is probably of 
universal occurrence at the interfaces of colloidal systems. In some such 
systems solute molecules are adsorbed, in others solvent molecules, and in 
some both solute and solvent molecules. 

Molecules of the adsorbing surface usually attract certain atomic group¬ 
ings in the adsorbed molecules more strongly than others, a fact which 
results in a more or less regular arrangement of adsorbed molecules at in¬ 
terfacial boundaries. Commonly this orientation of adsorbed molecules 
results in their closer packing and is an important factor in accounting 
for their higher concentration in the interface than in the surrounding 
medium. Adsorbed molecules are not static but exhibit a continuous, al¬ 
though reduced, kinetic activity. Molecules adsorbed at interfaces are in 
dynamic equilibrium with the molecules of the same species in the body 
of the system. An adsorption equilibrium is attained when the number of 
adsorbed molecules passing out of the interface, in a unit of time, is equal 
to the number passing into the interface. When adsorption occurs from 
a liquid containing many solutes, as is true of most biological liquids, 
all solutes are adsorbed to a greater or lesser degree depending upon their 
specific properties in relation to the adsorbing surface. In general, how¬ 
ever, under such conditions no one solute will be adsorbed as completely 
as if it alone were present. 

It is possible, under certain conditions, for equilibria to be established 
in which one or more components of a system arc less concentrated at an 
interface than in the surrounding medium. Such equilibria are recognized 
as examples of negative adsorption. Negative adsorption is a much less 
common phenomenon than positive adsorption. 

The Biological Significance of Adsorption. —Adsorption phenomena are 
known to play a manifold role in living organisms, probably being in¬ 
volved in practically all cell activities. Within plant cells many inter¬ 
faces occur, as at the boundaries between the protoplasm and cell wall, 
and the nucleus and cytoplasm, at all of which a concentrating of solutes 
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undoubtedly occurs. The adsorption of certain compounds at the cyto¬ 
plasmic interfaces is generally believed to exert a marked influence on 
the permeability of the cytoplasm. Imbibitional phenomena, of basic 
importance in the water relations of plant cells, involve the adsorption 
of water (Chap. VII). The action of enzymes (Chap. XVI) as well as 
of other catalysts is generally believed to involve adsorption phenomena. 
Much information regarding the structure of cells has been gained by the 
use of dyes which are differentially adsorbed by various constituents of 
cells. Chromosomes, for example, are so named because they strongly 
adsorb certain stains. 

The Nomenclature of Colloidal Systems.— The word colloid is derived 
from the Greek roots kolla (glue! and eidos (appearance). Thomas 
Graham, a prominent early investigator of colloidal phenomena, who 
did his most important work just after the middle of the nineteenth cen¬ 
tury, used this term to designate a certain group of substances that 
seemed to be set apart from other substances by several distinctive prop¬ 
erties. When dispersed in water these substances had a slow rate of dif¬ 
fusion and failed to diffuse through membranes of parchment paper. Fur¬ 
thermore, they did not form crystals. He applied the term crystalloid to 
those crystal-forming substances which, when in solution, diffused rela¬ 
tively rapidly and passed readily through parchment membranes. We 
now know that, strictly speaking, no such distinction can he made; the 
word colloid properly refers to a distinctive state of matter and cannot 
be applied with accuracy to any one class of substances. Theoretically 
any substance can, by proper manipulation, be brought into the colloidal 
state, and actually this has been experimentally accomplished for a large 
number of substances. 

Colloidal systems, as has already become evident, are composed of two 
phases—a continuous phase, and a discontinuous phase the latter com¬ 
posed of discrete particles, each entirely separated from its fellows by 
the intervening continuous phase. The continuous phase is commonly 
called the dispersion medium, and the discontinuous phase the disperse 
phase. According to another terminology, applicable however only when 
the dispersion medium is a liquid, each individual dispersed particle is 
called a micelle, while the continuous phase of the system is called the 
intermicellar liquid. 

To Graham, also, we are indebted for the terms sol and gel. A sol is 
a colloidal system which possesses the property of fluidity. Such systems 
can be poured more or less readily from one vessel to another. To the 
unaided eye they often appear to be true solutions, but examination by 
means of an ultramicroscope reveals their colloidal nature. 

Many sols ‘’6et,” forming solid, but more or less elastic systems, gen- 
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erally called gels. Gelatin desserts, custards, and ordinary household 
jellies are familiar examples of gels. The change of a sol to gel is called 
gelation. The reverse change, as for example when gelatin is “melted” by 
the application of heat, is called solation. Some authorities use the term 
“gel” in a generic sense to include systems of the type just described, 
which they call jellies , and another type of colloidal system which they 
term coagula. The white of a hard-boiled egg is typical coagulum. 

Sols may be classified into lyophobic and lyophilic types. In the latter 
an appreciable affinity exists between the particles of the disperse phase 
and the dispersion medium; in the former no such affinity is present. 
When the dispersion medium is water the corresponding terms hydro- 
phobic (Gr.: “water-fearing”) and hydrophilic (Gr.: “water-loving”) are 
employed. This last pair of terms will be used consistently in the follow¬ 
ing discussion, since from the biological standpoint colloidal systems in 
which water is the dispersion medium are by far the most important. The 
affinity between the two phases of a hydrophilic sol manifests itself by 
hydration of the micelles. Hydration is the association of one or more 
molecules of water with an ion, molecule, or micelle. 

Most colloidal systems composed of metallic substances dispersed in 
water are examples of hydrophobic sols. Gelatin, agar, starch, and gum 
acacia sols are familiar examples of hydrophilic systems. Protein sols 
also belong in this group. Actually all possible gradations exist from 
highly hydrophilic sols to highly hydrophobic sols. 

Suspensions.— The general nature of suspensions has already been in¬ 
dicated. Suspensions are not generally regarded as playing a very signif¬ 
icant role in living organisms. The particles of suspension size which 
frequently can be observed in the protoplasm are apparently composed 
entirely of relatively inert materials. Particles of suspension size are very 
common in soils, and as such are an important part of the environment 
of the roots of plants. A consideration of suspensions is also of impor¬ 
tance in developing the conception of the structural and dynamic aspects 
of colloidal systems proper. 

Emulsions.— Emulsions are systems in which one liquid is dispersed 
throughout another with which it is virtually immiscible, the particles 
of the dispersed liquid exceeding about -0.1 \t. in diameter. While other 


types of emulsions are theoretically possible all such systems encountered 
in common experience fall naturally into two groups generally known as 
oil-m-watcr emulsions and icater-in-oil emulsions. In the former type 
an oil or some other liquid insoluble in water, or practically so, is dis¬ 


persed throughout a water dispersion medium. In the latter type the con¬ 
verse is true; the oil or other liquid immiscible with water constitutes 
the dispersion medium, while small aggregations of water molecules are 
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dispersed through it. The proportions of the components of most emul¬ 
sions can be varied between wide limits. Emulsions are not generally con¬ 


sidered to be true colloidal systems, but, like suspensions, approach them 
in properties. Emulsions occur commonly in the cells of plants and ani¬ 
mals and are generally believed to be essential components of protoplasm. 
Both water-in-oil and oil-in-water emulsions are known to exist in living 
cells, but the latter type is more common. When examined under high 
magnification with a microscope, protoplasm in its grosser aspects often 
presents the appearance of an emulsion of fats and fat-like substances 
dispersed through the body of the protoplasm. 

Emulsions, with the exception of some very dilute ones, lack stability 
unless there is also present in the system an emulsifier. In the absence of 
an emulsifier, the two components of an emulsion rapidly separate, the 
oil, being the component of lower specific gravity, rising to the top. The 
group of substances classified as emulsifiers is chemically a very hetero¬ 
geneous one. Some of the best known emulsifiers are the soaps, saponins, 
various substances which form hydrophilic colloids when dispersed in 
water (gums, gelatin, etc.), and fine suspensions of certain rather inert 
materials such as sulfur, carbon, silica, and resin. Emulsions found in liv¬ 
ing organisms are usually stabilized by proteins. 

Hydrophilic and Hydrophobic Sols.— Most of the important differences 
between hydrophilic and hydrophobic sols result from the hydration of 


the dispersed particles in systems of 
the former type. There is no general 
agreement regarding the exact physi¬ 
cochemical relationship between the 
micelle and its water of hydration; 
but only two conceptions have any 
wide currency. One of these relates 
this hydration to an actual solution of 
some of the water in the substance of 
the micelles (Fig. 2 A). 



Fig. 2. Diagrammatic representa¬ 
tion of possible relationships be¬ 
tween a micelle and its water of 


A more probable theory, however, 
holds that no actual solution of the 
medium in the micelles occurs, but 
that water molecules are oriented 
around each dispersed particle form- 


hydration: (A) solution of water in 
the micelle. The proportion of dis¬ 
solved water present is represented 
as decreasing toward the center of 
the micelle. (B) Orientation of the 
water molecules as a ‘‘shell” around 


ing a “shell” many layers of molecules 


the micelle. 


in thickness (Fig. 2 B ). It is presumed 

that the first layer of oriented water molecules is so firmly attached ( ad¬ 
sorbed”) to the micelle that it is essentially an integral part of it. The 
successively enveloping layers of water molecules are also oriented, but 



30 


COLLOIDAL SYSTEMS 


with increasing distance from the periphery of the micelle the forces of 
attraction and orientation progressively decrease. In this zone there is a 
gradual transition from water molecules which are practically all oriented 
to those which are completely unoriented. Oriented molecules fit together 
more closely than unoriented molecules. They are “packed” more closely, 
just as more bricks can be stacked in a given space if arranged regularly 
than if tossed in indiscriminately. As a result of this packing the water in 
these oriented shells has a greater density than that in the bulk of the 
liquid; in other words, there is an actual contraction in the volume of the 
liquid associated with the micelles. 

The fact that micelles may, under certain conditions, lose their water 
of hydration very rapidly would seem to favor the latter theory. It is 
possible, of course, that in some hydrophilic systems the water is actu¬ 
ally dissolved in the micelles, that in others it is present only as a shell 
of oriented molecules, while in still others both of these two suggested 
modes of hydration may exist. 

The important properties of sols will now be summarized, with special 
attention to differences between the properties of sols of the hydrophilic 
type and sols of the hydrophobic type. 

Filterability. —Sols pass through ordinary filter papers without any ap¬ 
preciable separation of the disperse phase from the dispersion medium by 
the filter. Since the pores in ordinary filter papers are about 2-5 [j. in 
diameter, and even porcelain filters, such as those widely used in bac¬ 
teriological work, have pores 0 . 2 - 0.6 g. in diameter, it is easy to under¬ 
stand why micelles with diameters in the size range 0 . 001 - 0.1 \i pass 
through. 

Special filters have been devised, however, with pores of such a small 
diameter that the disperse phase can be separated from the dispersion 
medium by filtering a sol through them. Such filters are known as ultra- 
filters. The process of filtering through such a filter is known as ultra- 
filtration. The most commonly used types of ultrafilters are those made 
of collodion or gelatin. The size of the pores in such filters can be con¬ 
trolled b} r the length of time allowed for drying and in other ways. It is 
possible to prepare ultrafilters with pores of such dimensions that solutes 
can pass through them, but colloidal micelles cannot. 

Tyndall Phenomenon. —Suppose that a clean glass vessel, preferably one 
with flat, parallel sides, be filled with pure water and held so that a 
strong pencil of light passes laterally through the vessel. If an observation 
be made laterally and at right angles to the path of the beam of light, no 
distinctive tract of its path through the water can be detected. Such a 
liquid is said to be optically empty. The same will be true if the water 
in the vessel be replaced by a sugar or salt solution, or in fact, by any 
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true solution . 1 Suppose, however, that the vessel be filled with a hydro- 
phobic sol and observed in the manner just described. The results arc 
strikingly different. The path of the light will be clearly delineated as a 
cloudy, often opalescent, track through the sol. Even a colloidal system 
which seems perfectly transparent to the unaided eye will usually show 
some turbidity when submitted to this test. The intensity of this effect 
varies greatly with the specific colloidal system, and with the concentra¬ 
tion of the disperse phase, but it is universally shown by hydrophobic 

sols. 

The phenomenon just described is called the Tyndall phenomenon and 
results from the scattering or diffraction of light. The difference in the 
index of refraction between the two phases of the colloidal system is also 
a factor determining the intensity of the Tyndall effect. The greater this 
difference, the stronger the effect. Since in the diffraction of light, the 
short wave lengths (blue end of the spectrum) are bent more than the 
longer wave lengths, a partial separation of the spectrum results. For 
this reason a sol with a colorless disperse phase often appears to be pale 
blue when viewed in the path of a strong beam of light. 

Similar Tyndall phenomena are exhibited by hydrophilic sols, but 
usually the effect is less striking when sols of this type are viewed in the 
path of a beam of light than the effect observed when hydrophobic sols 


are employed. . . , 

The instrument known as the ultramicroscope is based on the principle 

of the Tyndall phenomenon. The limit of the resolving power of ordinary 
microscope is about 0.1 jjl. The ultramicroscope can be used for detecting 
the presence of particles in the size range 0.001 n to 0.1 the 

colloidal range. It is not possible to observe colloidal particles directh 
in the ultramicroscope; only the light diffracted from their surfaces can 
be seen. Neither can any definite image of particles in this small range 
of sizes be obtained. The ultramicroscope is a microscope which is so 
arranged that the colloidal system or other material to be examined can 
be illuminated laterally (i.e., at right angles to the tube of the micro¬ 
scope). This lateral illumination is usually provided by a powerful source 
of light and a suitable series of condensing and focusing lenses, so ar¬ 
ranged that the light is focused to a point within the mount Under the 
ultramicroscope the dispersed particles of a hydrophobic sol appear as 
bright spots of light varying in size and brilliancy. Very little concemi g 
the actual size or shape of the micelles can be determined since each 
bright spot represents merely the light diffracted by a single particle. It 
1 Actually a trace of the light track will usually be Perceived even m water or true 

solutions, because of the presence of contaminating us P removal of such 

pare a truly optically empty liquid, provision must be ma 
dust particles. 
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is possible, however, to determine the number of particles m a given vol¬ 
ume of sol by means of the ultramicroscope. The use of the ultra¬ 
microscope consists essentially in an observation of the Tyndall phe¬ 
nomenon in a small volume of a sol under the microscope. 

Brownian Movement.— In 1828 , the botanist Robert Brown observed 
through a microscope that pollen grains which were suspended in water 
showed a rapid oscillatory motion. Brown at first was inclined to attribute 
this motion to the fact that the pollen grains were alive, but examination 
of preparations of dead pollen grains and spores showed that they like¬ 
wise exhibited such a motion. It became evident therefore that this move¬ 
ment was in no way connected with living processes. We now know that 
any particle up to about 4 or 5 ja in diameter will exhibit this movement 
when suspended in a liquid. This phenomenon is termed Brownian move¬ 
ment, after its discoverer. 

Many suspensions in which the particles are within the range of micro¬ 
scopic visibility exhibit Brownian movement. It is clearly shown by many 
of the smaller species of bacteria when suspended in water. In solid-in¬ 
gas colloids, such as tobacco smoke, the dispersed particles show a very 
vigorous Brownian movement. Particles in the protoplasm of slime molds 
and certain other species frequently exhibit a Brownian movement which 
is clearly discernible under the microscope. For particles of a given mass, 
the smaller their volume the greater the amplitude of their Brownian 
movement. For particles of equal volume, the less their mass the more 
vigorously they will exhibit Brownian movement. In general, this phe¬ 
nomenon is exhibited more clearly by the micelles of hydrophobic sols 
than by those of hydrophilic sols. The viscosity of the liquid phase is 
also an important factor governing the rapidity with which the dispersed 
particles move. The more viscous the liquid, the more sluggish the move¬ 
ment of the particles. 

Brownian movement is caused by the kinetic activity of the molecules 
of the solvent. Even the smallest particles in which Brownian movement 
can be observed are very large in proportion to the size of the solvent 
molecules which impinge upon them. A particle suspended in a liquid such 
as water suffers a continual bombardment by the molecules of the liquid. 
If the particle be relatively large, at any given moment it is bombarded 
on every side by numerous molecules, moving in all possible directions 
and at different speeds. The effects of the individual impacts largely 
counteract each other, however, and there is little or no movement of the 
particle. If the particle be smaller, however, the results are quite different. 
At any given moment a much smaller number of water molecules impinge 
upon the particle. The resulting forces cease to be balanced and the sum 
total effect of the blows which the particle sustains on some one side are 
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greater than the effect of the blows sustained on any other side. Hence 
the particle moves. The next moment a greater impetus may be given to 
the particle from some other direction and the course of its movement is 
changed. In this way the highly erratic movements of suspended particles, 
known as Brownian movement, originate. Increase in temperature in¬ 
creases the rate of Brownian movement because of an increase in the 
kinetic energy of the solvent molecules. This phenomenon is the nearest 
approach we have to actual visible evidence of the validity of the kinet 
theory of matter. It almost brings before our eyes the veritable dance 

Viscosity.— The viscosity of a fluid is its resistance to flow. The more 
viscous a liquid the less readily it will flow. Olycennc, for example's 
much more viscous than water. The viscosity o yi rop 10 > - 

varies appreciably from that of the dispersion medium-water. Unlike 

hydrophobic sols the viscosity of hydrophilic 
sols is usually greater than that of the disper¬ 
sion medium. The viscosity of hydrophilic sols 
increases appreciably with increase in the con 
centration of the sol, but the relation is not a 
linear one (Fig. 3 ). The rapid increase in the 
viscosity of hydrophilic sols with increasing 
concentration is ascribed to the hydration o t e 
micelles. Increasing the concentration o t le 
disperse phase results in a decrease in the re a 
tive amount of free water present because of the 
association of a larger proportion of the 
with the micelles. This reduces the “fluidity ol 

the sol, hence raises its viscosity. 

The viscosity of all liquids, including sols, is 



CONCCNTHATlOW Of 

Fig. 3. Relation of rela¬ 
tive viscosity of hydro¬ 
philic and hydrophobic 
sols to the concentration 
of the disperse phase. 


The viscosity oi an uquiua, *.* •« ■ x pmnprature decreases 

influenced by temperature. In general, were v :„ ro< 5 ;t v with increase 

viscosity. In hydrophilic systems this reduc 10 ^ in • v i scos ity of 

in temperature probably results in part from the d-rease m v sco.ty o 

the medium itself, and in part from the decrease in the hydrat.on 

“leal Properties. —The dispersed particle.. of a!l £ 

carry electrical charges. A colloidal system^ equa , chflrge of 

tral, because for every charge carried ° n me dium. The situation 

opposite value is carried by ions in the cis] • Although the individual 
is similar to that in a solution of an electr y • - n ^ a j 

ions are charged, for every negative charge came systems the dis¬ 
positive charge is carried by a cation. In some co charged but 

persed particles are negatively charged, in others positively charged, 
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ordinarily all the dispersed particles in any one system bear a charge of 

the same sign. . ... _ 

Whatever the origin of the micellar charges they invariably are pro¬ 
duced in such a way as to involve the release of ions into the dispersion 
medium which may therefore be regarded as also being charged. When 
the micelles are negatively charged, the dispersion medium is positively 
charged and vice versa. Electrostatic attraction therefore exists between 
the surface charges of a colloidal particle and the ions of opposite charge 
in the dispersion medium. The result is that surrounding each colloidal 
particle with its charged surface is a “shell” of ions of opposite charge. 

This arrangement of charges at the surface of a micelle is called an 
electric double layer. Similar electric double layers exist also at bound¬ 
aries between solid surfaces and liquids, as for example along the walls 



Fig. 4. Diagrammatic representation of the electric charges around micelles: 

(A) positively charged, ( B) negatively charged. 


of a capillary tube. Figure 4 represents the distribution of the electrical 
charges around two micelles, one positively charged, one negatively 
charged. The innermost layer of ions in the dispersion medium is prob¬ 
ably compactly oriented around the oppositely charged micelle, which is 
in turn surrounded by progressively more diffuse layers. That is, while 
most of the ions arc close to the charged surface of the micelle, some are 
farther away; although, with increasing distance from the surface of a 
micelle, the number of ions associated with that micelle decreases rapidly. 

The ions of the double layer are in dynamic equilibrium with undis¬ 
sociated molecules at the periphery of the micelle proper. Anions and 
cations of the double layer are continually uniting and forming uncharged 
molecules which become part of the micelle. Contrariwise, molecules at 
the surface of the micelle are continually dissociating into cations and 
anions. If the micelle is negatively charged the anions adhere to its 
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surface; if positively charge,1, the cations Tire ions of the opposite charge 
become part of the outer shell around the micelle. 

“presence of this electrical double layer results m a difference of 

SSES .‘5TSEK - 

with the same sol under different conditions. ,. 

The usual method of determining the sign of the charge upon the d.s- 

nersed particles of sols is to observe the direct.on « f thc '; ™e ratl ™ ,n 

i i. • i a Tf + wn electrodes are so arranged as to nip into a iuuil 
electrical field* 11 t^o , »i connected 

sr. iTSSi s - r 

will move toward ^ y tidmove toward'the positively charged 

forS—n I' known as the 

As a micelle moves under determines 

innermost layer of the eluctr ‘ c and moves with it. This inner 

its electrical charge clings to outer shell of one 

layer slides past the opposite y c large . f ncga tively charged, 

micelle after another as it moves o^ Simultaneously ions of the 

or toward the cathode if positively which the 

outer layer move toward the °P p0S ' e i > ° b t . cen this phenomenon and 

the behavior of the ions of an e ec y n « r ti c lcs of anv sol can be 
The sign of the charge on the ,1“ the colloidal 

St.j-.skss r..,.- - - 

tively charged. , . . an narently acquire their 

The dispersed particles of hy r0 P ' adsorption. In some such 

charges either by electronic *“°® ,a a result of ion ization of some of the 
systems the charges seem to ar . rcleased into the dispersion 

molecules composing the micelle. leaving the micelle 

medium become the outer envelope of^ed^Uy f ’ ^ Indi _ 

with a residual and compensating enough to fall within the 

vidual molecules of some substance which j s the sodium salt of 

colloidal range of sizes. The dye o g ^ substance. Dispersed in 
a complex organic acid, is an example of such 
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water this compound produces sodium ions and a colloidal anion, the 

latter, of course, being negatively charged. 

In other systems the electrical charge on the dispersed particles is ap¬ 
parently acquired by adsorption of either the positive or negative ions 
of an electrolyte, the ion of opposite charge becoming the outer shell of 
the double layer. Ferric hydroxide sols 2 are normally positively charged. 
The charge on the micelles of these sols is often ascribed to the adsorption 
of Fe + + + ions of the FeCl 3 from which ferric hydroxide sols are usually 
prepared, the Cl“ ions forming the outer layer around the micelles. 
Similarly the negative charge of the micelles of arsenious sulfide sols is 
often ascribed to the adsorption of H 2 S which is used in the preparation 
of this sol. Dissociation of H 2 S results in the release of H+ ions into the 
dispersion medium leaving the dispersed particles with a residual and 
compensating negative charge. 

Similarly it is believed that some substances acquire an electrical charge 
by adsorbing hydrogen or hydroxyl ions—more frequently the latter— 
from their water dispersion medium. Certain inert substances such as 
cellulose, carbon, quartz, and collodion are believed to become charged 
in this way. All of these substances acquire a negative charge when in 
contact with water, indicating that the hydroxyl ions are adsorbed, the 
hydrogen ions becoming the outer shell of the double layer. 

The micelles of some hydrophilic sols are charged; those of others are 
not. As in hydrophobic systems the dispersed particles of different hydro¬ 
philic sols acquire their charges in different ways. In some the charges 
on the particles originate by ionization of some'of the surface molecules 
of the micelles. The electrical charges on the micelles of protein sols arise 
in this way. In other systems the charges may originate from traces of 
electrolytes which are present as impurities. This is probably true of 
agar sols. Such charges may be regarded as similar in their origin to those 
acquired by adsorption on the micelles of hydrophobic sols, in that the 
charge is contributed by some compound associated with the substance 
of which the micelle is composed, and not to that substance itself. Most 
of the better known hydrophilic sols are negatively charged. 

Flocculation. —Since the dispersed particles of any sol are in rapid mo¬ 
tion it would seem that repeated collisions would result in a progressive 
agglomeration of the particles into larger and larger masses which even¬ 
tually would settle out of the system. Sols, however, are relatively stable 
systems, and it is important to understand the mechanism by which the 
stability of such colloidal systems is maintained. 

The stability of hydrophobic sols is maintained by the charge which 

* Most investigators believe that the so-called ferric hydroxide «nl is actually a sol 
of hydrated ferric oxide (Fe»Oa(HiO)x^ 



FLOCCULATION 


37 


each micelle carries. Although by Brownian movement the dispersed 
particles are repeatedly brought close together, actual collision seldom 
occurs because the shells of ions around the micelles are mutually re¬ 
pellent. 

Reduction of the charge on the micelles of any hydrophobic sol to the 
point where there is no difference of electrical potential across the double 
layer results in agglomeration of the individual particles into flakes of a 
size which rapidly settle out of the surrounding liquid. This phenomenon 
is called flocculation, coagulation or precipitation. The point at which 
there is no difference of electrical potential across the double layer is 
known as the isoelectric point of the sol. At the isoelectric point the 
micelles of a sol are, relative to the surrounding medium, completely un¬ 
charged. As, by Brownian movement, two such micelles are bought into 
contiguity they no longer repel each other with sufficient intensity to pre¬ 
vent their agglomeration. By the addition of other micelles such particle? 
rapidly increase in size, soon resulting in flocculation of the sol. Merely 
reducing the electric charge to a value approaching that of the isoelectric 
point is sufficient to induce instability and slow flocculation in many sols. 

Flocculation is most commonly initiated by the introduction of electro¬ 
lytes into the system. Very small quantities of an electrolyte are often 
sufficient to cause the flocculation of a relatively large volume of sol. The 
important principles regarding the flocculation of hydrophobic sol? >\ 
electrolytes can be most easily elucidated by a discussion of some of the 

data in Table 6. . ,, , 

The flocculating effect of an electrolyte is due primarily to the added 

ion of opposite charge from that borne by the colloidal particle. Thus Uie 
As 2 S 3 sol may be flocculated by cations such as Na+, Ca+ + > ° r A | 

while the Fe(OH) 3 sol may be flocculated by anions such as Cl , NU 3 , 

or S0 4 —. . . , 

Furthermore, the flocculating effect increases with an increase in the 

valency of the effective ion. The first part of Table 6 shows t a e 

trivalent cation A1+ + + is more effective in flocculating the negatively 

charged As 2 S 3 sol than the bivalent cations Ca + + , Ba+ + or Mg+ , which 

in turn are much more effective than the univalent cations K , M , 

and Li+. Similarly the second part of the table shows that the floceula- 

ing effect of bivalent anions (SO., , Cr 2 0 7 __ ) upon a positive yciarge 

Fe(OH) 3 sol is greater than that of univalent anions (Cl , NO* ). 

However, the influence of the valency of an ion upon its flocculating 
cffeAiveness does not follow a simple 1 : 2:3 arithmetical ratio. It took 
as shown in Table 6, about 88 times as much NaCl as CaCl 2 , and a >ou 
7 times as much CaCl 2 as A 1 C 1 3 to accomplish complete flocculation of 
the As 2 S 3 sol. 
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TABLE 6 — FLOCCULATING EFFECT OF ELECTROLYTES ON HYDROPHOBIC SOLS (DATA OT 
FREUNDI^H, I903.) THE CONCENTRATION OF ELECTROLYTES IS THE MINIMUM WHICH 

RESULTS IN COMPLETE FLOCCULATION 


Negatively charged arsenious sulfide sol. 
(15.57 millimols AsjS* per L.) 


Electrolyte 

Concentration 
(millimols per L.) 

Li Cl 

81.5 

NaCl 

71.a 

KC 1 

69. I 

KNOj 

69.8 

MgClj 

I .OO 

MgSO« 

11 3 

BaCU 

0.964 

Ba(NOj), 

0.959 

CaClj 

0.905 

A 1 C 1 , 

0.130 

Al(NOj)j 

°- *37 


Positively charged ferric hydroxide sol. 
(10.3 millimols Fe(OH)» per L.) 


Electrolyte 

Concentration 
(millimols per L.) 

NaCl 

9.25 

KC 1 

9 °3 

KNO, 

11.9 

KiSO« 

0.204 

MgSO« 

0.217 

K^rjO, 

0.194 


In the flocculation of hydrophobic sols the ion of the added electrolyte 
with a charge of the same sign as that of the micelle is not entirely with¬ 
out effect. The influence of such ions is usually to increase the stability 
of the system. Precisely stated, therefore, the influence of an electrolyte 
upon the micelles of a hydrophobic sol is a differential effect between the 
anions and cations, but the influence of the ion of opposite charge pre¬ 
dominates. 

Flocculation may also be initiated by introducing into a hydrophobic 
sol another hydrophobic sol with micelles bearing a charge of opposite 
sign. If Fe(OH ) 3 sol be slowly added to an As 2 S 3 sol, a point mil be 
reached'at which complete flocculation will occur. The particles of the 
two sols will settle out as an intimate mixture. The same phenomenon 
occurs when any negatively charged hydrophobic sol is added to any 
positively charged hydrophobic sol in sufficient quantity, or vice versa. 
This process is called mutual flocculation ,. When this phenomenon occurs 
the ions of the outer zone of one kind of particle pair off with the op¬ 
positely charged ions of the outer shell of the other kind. 

The actual mechanism of flocculation of a hydrophobic sol is too 
complex to be considered in detail in an introductory discussion. The 
fundamental cause of flocculation, however, is invariably the destruction 
of the electrical double layer around the micelles. There is a close anal¬ 
ogy between the flocculation of a hydrophobic sol and a precipitation 
reaction of one electrolyte with another. The micelles of hydrophobic 
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sols behave in flocculation phenomena like giant ions bearing numerous 
charges. 

The addition of a small amount of a hydrophilic sol, such as a gelatin 
or gum arabic sol, to a hydrophobic sol makes flocculation of the latter 
by electrolytes or micelles of opposite charge difficult or impossible. This 
effect of a hydrophilic on a hydrophobic sol is termed protective action. 
Protective action is apparently a result of the adsorption of the micelles 
of the hydrophilic sol around the micelles of the hydrophobic sol. The 
properties of the sol, therefore, become essentially those of the hydro¬ 
philic system. As will be seen shortly, hydrophilic sols are much less 
easily flocculated by electrolytes than hydrophobic sols, and this is un¬ 
doubtedly the basis for protective action. 

We turn now to the question of the mechanism of the flocculation ol 

hydrophilic sols. The micelles of such sols may or may not carry an 
electrical charge, but whether charged or not such colloidal systems are 
stable. Hydrophobic sols, as already shown, are stable only when the 
micelles bear an electrical charge. One of the most important differences 
between hydrophobic and hydrophilic sols is the possession } ie a or 
of a second stability factor, which in itself is effective in keeping sue 1 
sols stable for long periods of time. In onv previous discussion we ha\e 
seen that uncharged micelles of hydrophobic sols soon agglomerate and 
settle out of the dispersion medium. AMiv do not the unc large m lc <? cs 
of a hydrophilic sol behave in the same way? Hie mice es o a > r 
philic sols, it will be remembered, are highly hydrated, -ac i par ic 
“cushioned” against impacts with other particles by its enveloping sh 
of oriented water molecules. Agglomeration of the mice es; is 
vented, and hence even uncharged hydrophilic sols are stable. 

The possession of two stability factors by hydrophilic sols e 0 ™P 1 “* t “ 
the mechanism of flocculation in such systems. ie man ” ei [ . 
flocculation of hydrophilic sols may occur can be illustrated by re i - 

ing a simple experiment. The experimental materia is a 1 11 
0.1 per cent) sol of agar-agar. Such a sol is per »aps >«- mo 
example of a simple hydrophilic system. If a rc ati\e> ar 6 c 
alcohol be added to a small portion of such a sol, t o inlcc cs , , 

water of hydration, and the sol acquires the cloudy, bluish. ■ 

appearance typical of many lyophobic sols. In ac , l now 1 , . j 

■ol and shows all the typical properties of such systems. The alcohol, 

which is a powerful dehydrating agent, has rob >e ic m e ,. 

shells of oriented water molecules. Nevertheless, tie so is s 
since the micelles retain their original negative e arges. in , 
drop of a solution of an electrolyte such as MCI. ^ added to ^e oh 
The sol now flocculates almost immediately, since the only remaining 
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stability factor—the electrical charge—has been destroyed by the addi¬ 
tion of the electrolyte, and the opalescent cast of the sol disappears. 

The stability factors of a hydrophilic sol can also be dissipated in the 
opposite order. Suppose that the A 1 C 1 3 solution first be added to the 
agar sol until the charges on the micelles are neutralized. Although now 
at its isoelectric point, unlike hydrophobic systems, the sol does not 
flocculate. If, however, alcohol now be added to the system, immediate 
flocculation occurs, because of a dehydration of the micelles, resulting 
in an elimination of the only remaining stability factor in the system. 

Briefly then, in order to flocculate a hydrophilic sol, its micelles must 

HYDROPHILIC SOL (CHARGE d) HYDROPHILIC SOL (UNCHARGED) 



Fig. 5. Diagrammatic representation of the flocculation of a micelle of a hydro¬ 
philic sol. 

be both dehydrated and electrically discharged, except in the occasional 
systems in which micelles are uncharged, in which dehydration alone will 
suffice. Dehydration alone of a hydrophilic sol with charged micelles re¬ 
sults in its conversion into a lyophobic sol. 

The interrelationships among the factors involved in the stability and 
flocculation of hydrophilic sols are shown in Fig. 5 which is self-explan¬ 
atory. 

The addition of relatively large quantities of certain electrolytes to 
hydrophilic sols will result in their flocculation without any previous re¬ 
moval of the water of hydration of the micelles by means of alcohol or 
any other dehydrating agent. Only very soluble salts are effective in this 
way. It is evident that this phenomenon, usually called “salting out” 
involves a more complicated reaction than that taking place in simple 
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flocculation and must be distinguished from the latter phenomenon. Three 
salts which are especially suitable for salting out hydroplnhc «)ls • 
(NH«) 2SO4, MgSO„ and Na 2 S 0 4 . In these three salts the on, P'J 
the anions, acquire relatively large quantities of water of hydiatm v H 
result of the addition of a very strong solut.on of such a 0 a hydro 
philic sol is a twofold one. A small initial amount of the added ™ 
lyte discharges the micelles. Addition of further increments o n U tro 
lyte eventually brings about dehydration of the m.colic, i™ of .the 

great attraction of the added 10ns for water, am 11 ri result' 

of the dispersed phase out of the system, baiting out, therefore, real. 

in the destruction of both of the stability factors of the 

Amphoteric Properties of Protein Sols.-Protem sols differ rom mo 
others in that the micelles are amphoteric,. they may act eUhcr a a 
acid or as a base. The acid properties of protem^ ^10^^00^ 
-COOH groups; their basic properties upon their - - b ^ 

XXVI). Whether the proteins will combine with ac for 

principally upon the pH of the dispersion mei mm. point" 

Sample, In which the pH of the medium is above the n, 

the -COOH groups of the molecules react w ith b.^ ^ <lissociatcs 

hydroxide, forming “sodium gelatmate. , . , p j-j G f 

into sodium ions and negatively charged flelat.n micelle, I « 

the medium is below the isoelectric point the -KH. group of he g la 
molecules may combine with the molecules of an acid suchas HC for 
ing “gelatin hydrochloride.” Dissociation of this compound pro.iu 

chloride ions and positively charged gelatin micelles. , ith 

Like the micelles of other sols, those of prote™"T^Tno migration 

respect to the medium at the isoelectric pom • through a protein 

of the micelles occurs if an electric curren i^ ■ *- i soe lcctric point 

sol at its isoelectric point. At pH values ug lcr values below the 

protein micelles migrate toward the anode while at wine. 

isoelectric point they migrate toward the cat io« <-• protein sol 

The principles governing the stability and ^ ° the onc 

are similar to those which hold for poslti vely or 

further complication that protein nnct c isoelectric point be- 

negatively charged. Protein sols are s a ^ hytlrop hUic sols, micelles 
cause, although uncharged, they posses , ‘ * isoelectric point the 

which are highly hydrated. On either of an elec- 

micelles of a protein sol have the additiona s a > ^hydrating agent 
trical charge. Addition of a sufficient quantoty o ^ jehydi ftS it 
such as alcohol to a gelatin sol at its isoe ec ri lf t , lc m j. 

does with an uncharged agar sol, in immediate flocculation. 

•The pH value of the isoelcctric point of gelatin is about i 
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celles are charged, however, addition of alcohol will result, not in floc¬ 
culation, but in the conversion of the system into a lyophobic sol. Addition 
of a suitable electrolyte to this sol will result in a discharge of the particles 
and their consequent flocculation. These relations are shown diagram¬ 
matical ly for a protein sol in Fig. 6. 



LYOPMO»*C SOL LYOHOIC SOL 

Fig. 6. Diagrammatic representation of the flocculation of a micelle of a protein 

sol. 

Properties of Gels. —Under certain conditions most hydrophilic sols 
change into gels. Any gelatin sol which is not too dilute, for example, 
will “set” upon standing and form a gel. Everyone is familiar with such 
gelatin gels, as they appear on the table often as desserts. Other familiar 
gels are the agar gels widely used as a medium for the culturing of 
bacteria, fungi, and algae, ordinary household “jellies” which are basi¬ 
cally pectin gels, and starch gels. The latter also sometimes comes before 
our eyes by the dessert route, under the name of com starch puddings. 
Some hydrophilic sols, however, do not ordinarily form gels. This is true 
of sols of gum acacia and of some protein sols. 

The gel-forming capacity of some substances is very remarkable. A 
gelatin sol containing as low a proportion as one part of gelatin to one 
hundred of water will usually gelate. Agar gels containing only 0.15 per 
cent of agar can be prepared. In such a gel one part of agar has the 
property of removing the liquidity from nearly 700 parts of water. 

Since gels form from two-phase colloidal systems, it is generally as¬ 
sumed that they also are two-phase systems. In all of the gels which we 
shall have occasion to consider, the liquid phase is water, although gels 
in which one component is some other liquid are well known. Gels are 
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usually rigid enough to maintain their shape under the stress of their 
own weight. This means that they will be molded to the a .ape of tire 
vessel in which the gelation has occurred and will retain shape 

that vessel after being removed from it. , 

Two general types of gels are usually recognized: h a t type and 
the nonelastic type. The best-known example of he hi e .s the 
gel. Elastic gels are the important type biologically. Gelatmwaer a 
agar-water gels are probably the best-known examples of th. type* 

colloidal system. When such a gel dries a graiua a desiccation 

age in its volume ensues until desiccation is comp < • ■ 

the dry matter of the gel will imbibe water (Ehap. VIIl but^no^other 

liquid. Gels in which the liquid phase was other tha 

after desiccation, only the liquid originally P^ cn • , , 

Elastic gels are generally heat reverse. A hen h* tlS 

converted into sols (eolation), and when coo «.< - occur a num- 

gel condition (gelation). Usually this reveiMi o s . physical 

her of times to a colloidal system without greatly acting * 

properties when in either the sol or gel condjtmm not 

which the solation and gelation of a g> ven 00 • melting and freez- 

identical. The processes differ in this respoc ruin about 28°C., 

ing of a solid. For example, a 4 per cent ge atm -1 gd at ^ 

hut the resulting gel must be raised to aml sola- 

occur. For agar gels the temperatme sprea ft , )pro ximately 30°C.; 

tion is much greater. The former process oc s v j 8C ositV of a heat 
the latter at about 70»C. for a 2 per cent gel. The ^ ^ 

reversible sol increases steadily with a decrease in 

no sudden change as the sol passes into t ic gc| cci t ^ p Urc water, 

Solutes diffuse through gels almost “ ral ^ ff > sion of a solute through 
unless the gels arc very concentiatid. , » celatin sol is 

a gel is easily demonstrated by a ample «>«— * fj, aIlo w dish 
allowed to solidify in a test tube which is blue. Within 24 hr. 

containing a solution of a dye such as me ^ dctect( . ( , Bcca use of the 
diffusion of the dye into the gelatin ge . to complicate the 

fact that there are no convection curren s \ pm0 nstrating the dif- 
results, this is perhaps the best visual method of demonstrat 

fusion of solutes. , 4 Jisnprscd in water, the 

Two equal quantities of an electro v e ^ clcctr j c current almost 

other in a gel of equal volume, will com annaren tly as great when 
equally well. In other words ionic mo >n Y s dispersed in pure water 
the ions are dispersed in a gel as when uy a medium are not 

The velocities of chemical reactions oceuiiin tion8 occurring 

appreciably different from the velocities of the same 
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under the same conditions of solute concentration and temperature in a 
water medium. Neither of the last two general statements are strictly 
true for very concentrated gels. 

The above three properties of gels distinguish them clearly from the 
solid or amorphous states of matter. These properties must be reconciled 
with any acceptable theories of the structure of gels. 

The Structure of Gels. —Numerous theories of the structure of gels have 
been advanced, and there are probably elements of truth in most of them 
since it seems improbable that the molecular structure of all gels is the 
same. The structure of gels is too fine to be resolved by the microscope, 
hence most evidence of the structure of gels is indirect. 

At the present time the most generally favored hypothesis of gel struc¬ 
ture is that both the solid and liquid phases of a gel are continuous. The 
solid phase is most usually visualized as a meshwork of long, tangled 
fibrillae of submicroscopic dimensions; the spaces within this interwoven 
mesh being occupied by the fluid phase. This theory is often called the 
“brushpile” theory in allusion to the supposed jumble of intermeshing 
threads of the solid phase. This theory appears to be most acceptable in 
the light of the known facts regarding the very slight effect of gels upon 
diffusion, conductivity, and the velocity of chemical reactions. Support¬ 
ing evidence for this view has also been obtained by examination of gels 
under the electron microscope (Chap. IV). 

Since elastic gels can be readily transformed into hydrophilic sols, and 
hydrophilic sols into gels, it seems probable that many hydrophilic sols 
also possess a fibrillar structure. Such a structure is also postulated by 
many authorities for protoplasm, as later discussion will show. 

Hysteresis. —The statement is sometimes encountered that gels possess 
the faculty of “memory.” This statement is not, of course, to be accepted 
literally. It is merely a way of saying that the previous treatments to 
which a gel has been subjected have an influence, often marked, upon its 
behavior, so that in an allegorical sense the gel may be said to “remember” 
those treatments. This phenomenon of the influence of the previous treat¬ 
ment of a gel upon its behavior is known as hysteresis * It is well illus¬ 
trated by the following experiment of Gortner and Hoffman (1927). Three 
gelatin gels were prepared containing respectively 10, 20, and 40 g. of 
gelatin per 100 ml. of water. Strips of these gels of equal rectilinear 
dimensions and thickness were then dried in a current of warm air until 
all of them were reduced to a moisture content of about 3.5 per cent. In 
other words, the three gels were all brought into what would superficially 
seem to be identical physical conditions. The dried sections were then 

4 This use of the term “hysteresis” should not be confused with its common use in 
another sense in physics and engineering. 
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placed in distilled water and allowed to imbibe »ater^ weighings >eing 
made from time to time. The results are shown in Fig. 7 

In spite of the fact that all three of these Reis possessed the same in a> 
content when immersed in water their swelling behavior was quite dif¬ 
ferent, depending in each sample on the pie\ions 0 0 ? , . 

gel which was originally prepared in the proportion of 10 parts of go a n 
to 100 of water swelled the most, followed in order by the one originally 
prepared in a proportion of 20 parts of gelatin 
to 100 of water, and finally by the gel oiigi- 
nally prepared in a proportion of 40 parts of 

gelatin to 100 parts of water. 

The example cited is just one of the many 
hysteresis effects which have been recognized 
in gels. All sorts of factors—mechanical, thei- 
mal, electrical, and even the factor of time 
may induce such effects in gels. It follows that 
in experimental work with gels, if results are 
to be comparable, all the gels used in a gi' en 
experiment or set of experiments must have 

had identical previous histories. 

Thixotropy. —If a trace of sodium chloride is 
added to a test tube full of 10 per cent ben¬ 
tonite (a colloidal clay) and shaken vigoi- 
ously, a colloidal sol will result which will set 

to a gel after standing a few minutes. By shaking tins gel can be co^ 
verted to a sol which will again set upon brief standing 1 ^ 

be repeated an indefinite number of times. T ns P ien . of t}ie 

thixotropy. Protoplasm also exhibits thixotropic real , tQ „ rca tly 
protoplasm or subjection of a cell to pressure can >c s Thixotropic 
reduce its viscosity and probably induces ge -to-soi c \& ' iology> 

phenomena may therefore play important roles in c 
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DISCUSSION QUESTIONS 

1. What are the three most outstanding characteristics of colloidal systems in 

which water is the dispersion medium? or a 

2. How can you find out whether a given organic dye forms a solution 

sol when dispersed in water? . . v™ioTw>prl Lv elee- 

3. The charges on each colloidal micelle are assumed to be glanced by elec 

trostaticallv equal charges in the dispersion medium. If this is true how can the 

micelles exhibit cataphoresis? „ 4 > 0 *hor it was 

4. Given an unknown colloidal sol, how would you determine whether it was 

hydrophilic or hydrophobic? Whether its micelles were positively or negatively 

i i 

5. List some colloidal systems found in plant cells. List some colloidal systems 
in the environment which may have important effects on plants. 

6. Why do gels not form from hydrophobic sols? , 

7. The juice expressed from plant tissues usually consists of a mixture of sub¬ 
stances in the colloidal state and in true solution. How would you demonstrate 

this to be true by experimental means? . 

8. Why do the floating particles of dust in the air which are clearly visible 
when a beam of light passes through a darkened room become invisible when 
the room is well lighted? 

9. What would be the effect of an increase in temperature upon the rate* ol 
adsorption? On the amount of adsorption? 
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The Structure of Plant Cells.— The typical coll of the higher plants is a 
tiny compartment enclosed by a tough elastic wall (I ig. 8). The wall ot 
cells consists of two major parts: (1) the middle lamella and (2) the 
primary wall (Kerr and Bailey, 1934). 

In walls of many plant cells a third 
structural component, the secondary 
wall, is also present. Although some 
plant cells are known which do not 
have a well defined cell wall, this 
structure is so generally present in 
plant cells as to be considered one of 
their characteristic features. 

Lining the interior of the wall and 
occupying more or less of the cell 
cavity is the protoplasm. The proto¬ 
plasm of active cells is a transparent, 
slightly viscous, granular material 
that lacks any conspicuous structural 
background. It is not homogeneous, 
however, and contains a number of 
definite structures. One of these, the 
nucleus, is a denser body which is 
joore or less spheroidal in shape and 
18 separated from the remaining pro¬ 
toplasm by a definite membrane, the 
nuclear membrane. Within the mem¬ 
brane surrounding the nucleus are: 

(I) a clear liquid known as the nu- 


Fig. 8. Diagram in perspective oi 
a palisade cell from the leaf meso- 

phvll. 
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clear sap, (2) a delicate network of denser material, the reticulum, and 
(3) one or more small spherical masses of material known as the nucleolus 

or nucleoli. , 

All of the protoplasm outside of the nucleus of the cell constitutes the 

cytoplasm. In a typical mature plant cell the cytoplasm is present as a 

thin layer lining the inner surface of the cell wall. The two boundary 

surfaces of the cytoplasm—that in contact with the cell wall and that in 

contact with vacuole—are called cytoplasmic membranes (Chap. VIII). 

Imbedded in the cytoplasm are numerous well differentiated bodies known 

as plastids. Plastids are usually centers of certain types of physiological 

activity. They are commonly classified on the basis of their color into 

three groups: the leucoplasts which are colorless, the chloroplasts which 

contain the green chlorophyll pigments (also yellow pigments), and the 

chromoplasts which contain red or yellow pigments. Chondriosomes 

(mitachrondria), minute rod-like or granular bodies, are also found in 

the cytoplasm. The significance of these structures is not positively 

known, although a number of different roles have been ascribed to them. 



cells, ( B ) in epidermal cells of leaf. Redrawn from Livingston (1935). 

Although the cell wall appears to imprison each protoplast and to 
effectively isolate it from the protoplasm of adjoining cells, actually there 
is probably a continuation of protoplasm from cell to cell. By certain 
techniques it can be demonstrated that minute pores extend from cell to 
cell through the cell walls. These pores often contain cytoplasmic 6trands 
which connect the cytoplasms of adjacent cells. These strands are termed 
plasmodesms (Fig. 9). Livingston ( 935) has demonstrated the occur¬ 
rence of plasmodesms in the w r alls of cells from a number of different 
tissues of the tobacco plant, and it is generally supposed that they are 
of widespread if not universal occurrence in the cell walls of higher 
green plants (Meeuse, 1941). 

The bulk of the interior of most mature plant cells is occupied by a 
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single large cavity, the vacuole, which is filled with cell sap. The cell sap 
is composed of water in which a great variety of substances are dissolved 

or colloidally dispersed. 

There is no general agreement among cytologists regarding the exact 
classification of the parts of plant cells. The vacuole, for example, is 
frequently classified as a part of the protoplasm, because it first appears 
as minute droplets in the protoplasm of very young cells. Physiologically, 
however, the vacuole of the mature cell is as distinct an entity as the 
protoplasm or cell wall, and it is therefore considered as a separate part 
of the cell in this book. The following classification includes the prin¬ 
cipal parts of a mature plant cell. A few of these parts, as for example 
the various kinds of plastids, do not occur in every cell. 


Cell Wall 


( Middle lamella 
< Primary Wall 
1 Secondary Wall 


The Mature 
Plant Cell. .. 


Protoplasm 


Cytoplasm 


Nucleus 


Plasmodesms 
Cytoplasmic membranes 
Undifferentiated cytoplasm 

f leucoplasts 
Plastids... . ' chloroplasts 
{ chromoplasts 

Chondriosomes 

f Nuclear membrane 
Nuclear sap 
Reticulum 
Nucleolus 


Vacuole 


Cell Sap.. . 


Water 

Various compounds in 
solution or in a state 
of colloidal disper¬ 


sion 


I Crystals 


The Origin ond Development of Cells.-As soon as it became clear‘hat 
all plant and animal tissues were composed of cells, the f 

origin of cells naturally arose. This proved to be a d.^utp^o,. 
the pioneer investigators, and for many years there «as much d sag 
mart over the question. The now universally accepted pnnc.plctha^cells 
can arise only from pre-existing cells was first r.rted beyond any 

reasonable doubt by Niigeli just before the mi e . restricted 

-?• - -Vw ot,” t i 

regions called menstems (Chap. XXIX). 
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involves not only the division of pre-existing cells, but the subsequent 

enlargement and maturation of their cell progeny. 

The Forms and Sizes of Cells.—All newly formed cells do not differentiate 
morphologically in the same way. Some elongate parallel to the axis of 
growth more than in other directions and become the long fiber cells that 
make up much of the xylem and phloem tissues. These cells commonly 
develop walls that are greatly thickened. Some cells enlarge about equally 
in all directions becoming isodiametric cells, the walls of which usually 
remain thin and flexible. Cells of this type are present in the flesh of 
apples, melons, potatoes, and in many other parenchymatous tissues. 

Plant cells appear to be basically tetrakaidecahedra, i.e., fourteen-sided 
(Lewis, 1935, 19431, although numerous deviations from this basic pat¬ 
tern exist. Actually this number of cell faces is closely approximated, on 
the average, in certain relatively undifferentiated plant tissues (Marvin, 
1939; Hulbary, 1944, 1948; and others). In some tissues, specifically epi¬ 
dermis cells (Matzke, 1947, 1948) and cortical cells (Hulbary, 1944), 
the average number of cell faces is characteristically smaller. In general, 
small cells have fewer faces than larger ones (Marvin, 1944). An almost 
endless variation in the forms and sizes of cells may be seen in the tissues 
of any vascular plant. Many different kinds of plant cells are figured 
and described in greater detail in later chapters. 

In size, cells show an even greater range of variability. Relatively few 
cells in the vascular plants have diameters less than 10 jjl or more than 
200 [x. The small size of most plant cells may be appreciated from counts 
that have been made on familiar tissues. An average sized apple leaf 
contains about 50.000.000 cells; an object 1 square inch in area placed on 
the surface of many common leaves would cover about a million epi¬ 
dermal cells; a section only 1 mm. in thickness cut very near the tip of 
a root of the cowpea plant would contain about 128,000 cells. Some cells, 
however, are very much larger. Many of the cells making up the flesh of 
a watermelon are Large enough to be seen without magnification and 
have a volume some 350.000 times that of the meristematic cells from 
which they developed. A cotton fiber is a single cell, and varieties of 
cotton are grown which produce fibers exceeding 4 cm. in length. The 
phloem fiber cells of Hochmeria nivea arc known to reach a length of 55 
cm. Such fiber cells have lengths that are many thousand times their 
diameters. 

Origin and Development of the Cell Woll.—In the vascular plants the 

division of a plant cell is preceded by the division of the nucleus. Nuclear 
division is a complicated process involving organization of the nuclear 
reticulum into unit chromosomes, splitting of those chromosomes, separa¬ 
tion of the split chromosomes, and finally reconstitution of a daughter 
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nucleus from each set of daughter chromosomes. Just after the final stage 
(“telophase”) of mitosis a membrane develops in the center of the cell 
and extends its margins until it makes contact on all sides with the exist¬ 
ing cell wall, thus forming a septum which separates the protoplasts ol 
the newly formed cells (Fig. 10). There is no evidence that this first 
membrane, the middle lamella , contains cellulose. It seems to be composed 
largely, if not entirely, of colloidal pectic compounds. As the cell begins 



Fie 10 Diaeram illustrating formation of a plant cell wall. (.1) CVU plate 
Fig. 10. D g nuclei (B) cell plate (middle lamella) completely sepa- 

between two ' (C) on nary wall has been formed on each sale of the 

rrtn d X gh One'tf ‘the’ new.y ’formed cells has undergone considerate 

pnljirerement. 


to enlarge a thin layer composed of cellulose and peetie compounds >s 
deposited from the cytoplasm of each young cell on the two surfaces 
the middle lamella. This new wall is joined firmly to < ■ 
at the sides of the cell so that the protoplast of each ‘ 

comes encased within a continuous wall, the primary u '" ' ° f CL ‘ Ul ^ 
and peetie substances. As long as a cell wall -‘an,s a capae.tyjorm^ 
crease in area and for undergoing reversib e ciangi. , n j 

classed as a primary cell wall. The walls of cambium parenchyma, and 
collenchyma cells are all examples of primary cell walls. 
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After the enlargement of the cell ceases the deposition of cellulose on 
the inner surface of the primary wall may continue until the wall be¬ 
comes conspicuously thickened. When this thickening is accompanied by 
a loss of the capacity for enlargement and a loss of elasticity, the added 
material is known as the secondary wall. In extreme cases secondary walls 
may increase in thickness until the wall occupies most of the interior of 
the cell. All cells have a middle lamella and a primary wall, but second¬ 
ary walls are present only in certain types of cells. Phloem fibers, stone 
cells, tracheids and wood fibers are typical examples of cells with promi¬ 
nent secondary walls. 



Fig. 11. Diagram of a small portion of a cellulose micelle, showing crystalline 

and amorphous cellulose. 


Increase in thickness of the wall usually takes place by the addition 
of definite layers of cellulose or other cell-wall constituents to the inner 
surface of the existing wall. In most walls these layers are too thin to be 
detected without swelling or otherwise treating the wall. 

The Structure of the Cell Wall.—The structural framework of the plant 
cell wall is composed of cellulose and the basic unit of this framework is 
the cellulose molecule. Cellulose molecules are long chains formed by the 
condensation of many hundred $ o-glucose molecules (Chap. XX). Since 
the length of the chains is not constant, cellulose molecules are not units 
of definite molecular weight. Many of the cellulose molecules in the walls 
of living plant cells are long enough to contain at least 5000 glucose 
residues (a glucose residue is a molecule of (i n-glucose minus a molecule 
of water), whereas others are much shorter. 

The geometrical arrangement of the long cellulose molecules in the 
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cell wall has been revealed by studies with the X-ray and polarized light. 
In certain regions the chain molecules are so closely parallel that they 
have acquired many of the properties of crystals. In other regions the 
chain molecules are less perfectly oriented giving rise to what is known 
as amorphous cellulose. The same cellulose molecule may be a part of a 
highly crystalline area, pass on into an amorphous region, and then con¬ 
tinue on to enter another crystalline zone (Fig. HI. The transition be¬ 
tween the crystalline regions (known as micelles or crystallites) and the 
amorphous areas is not abrupt so the wall is a fabric of very long chain 
molecules of cellulose which exhibit different degrees of parallelism in 

different parts of the wall. 

Measurement of the X-ray diagrams of some of the natural plant fibers 
shows that the crystalline regions (micelles) have a rather definite thick- 
ness A single micelle may be considered as rhombus about 5-6 mu in 
thickness and at least 60 in, in length (Heuscr. 1944) In terms of cel¬ 
lulose molecules this means that each crystalline micelle is a bundle of 
some 100-170 parallel molecules and that those portions of the molecule 
which lie within the micelle consist of at least 120 glucose res ‘ d '‘ cs ' 
is probable that in many cell walls long chain molecules formed by 
condensation of other sugars are associated with the cellulose molecu ea 
The proportions of crystalline and amorphous cellulose in plant cell 
walls vary within wide limits. In the thickened walls of some p ant fibers 
as much as 90 per cent of the cellulose is crystalline while in the enlarg¬ 
ing walls of the young cells the crystalline cellulose makes up on y a 
small proportion of that present. In some young cell walls crystalline 
cellulose appears to be entirely absent. Since the distinction between the 
cSlmneind amorphous cellulose lies chiefly in the d*- of Ra¬ 
tion of the molecules it follows that stretching or drying a cell wall will 
increase often very greatly, the proportion of crystalline cellulose. 

Evidence of various kinds suggests that spaces of submicroscopic sue 
separate the micelles and form an interconnecting system which extends 

throughout the cellulose framework (Fig. H, 12 B). These spaces range 
throughout i h ioo mp and thus constitute relatively 

in width fro' , orl gWhich diffusing molecules may penetrate the 

enormous channels along wa , ls these spaces are filled 

cellulose portions of the w all. In pr m^^ ^ fincd ^ , ignin an( , 

waxes and cutin. In walls that are almost pure 
cellulose such as the secondary wall of cotton fibers, the spaces are filled 

Wi The W smallest visible units of cellulose walls are delicate thread-like 
strlndsTf fibrils These fibrils are aggregates of a great many molecules 
andlce les of cellulose both of which are oriented with their long axes 
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parallel to the long axis of the fibril. In primary walls the fibrils form a 
fine anastomosing network (Fig. 12 A), the meshes of which are filled 
with colloidal pectic compounds. In secondary walls the fibrils are often 
grouped into coarser branching strands which wind around the cell in a 
steep spiral the angle of which may vary in different layers and even in 
different parts of the same layer (Fig. 13). 

The minute details of cell-wall structure have been difficult to fathom 
because of the limitations imposed by even the finest optical microscopes. 




• 

i 


Fig. 12. Diagrams illustrating sub- 
microscopic structure of primary 
cell wall, t.-l) The meshwork of 
anastomosing eeJlulos' fibrils as seen 
in surface v«-;.w. (/i) Cross section 
of a single fibril showing micelles 
ami intermicellar spaces. 


Fig. 13. Diagram illustrating 
the structure of a thickened 
plant cell wall: (^4) inner 
layers of secondary wall, ( B) 
second layer of the secondary 
wall, (C) first layer of the sec¬ 
ondary wall, (D) cellulose 
framework of the primary 
wall, ( E ) primary wall of cellu¬ 
lose and pectic compounds. 
Note that the fibrils may be 
differently oriented in different 
layers of the same wall. 
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The limits to the resolving power of an optical microscope are determined 
by the wave lengths of light used. The shorter the wave length the 
greater the resolving power. It follows therefore that, i some method 
could be found to use wave lengths of radiat.on considerably shorter 
than those of the visible spectrum, it would be possible to see or photo¬ 
graph objects that were too small to he visible in the usual compound 
microscope. Such a method has been developed in the electron m.croscope 
In this instrument beams of electrons are used instead oi light, and 



lishers, N. 5' 


, *• in, TL,» wave lengths of the electron beams 

beams are focused magnetically. thousandth of the length of the 

commonly used are less than one four- thousandth ofth. ^ ^ ^ 

shortest wave lengths of the visible spec rui possible to oh- 

wave lengths employed in the electron ^'" OSC n ° !‘ , o^r o the best 
tain clear images of objects far with the elec 

optical microscopes. Photographs P 1 ‘ tural tterns that have been 

tron microscope confirm the gener 
deduced from other lines of evidence <*ig. 
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The Physical Properties of Cell Walls 

mary cell walls differ sharply from those of secondary walls. Primary 

walls are usually very flexible and elastic. The mesophyll cells of some 
species, for example, are known to undergo reversible changes m volume 
of 30 per cent or more as a result of changes in turgor pressure. The grea 
flexibility and elasticity of primary walls are made possible by the large 
amount of amorphous cellulose in the wall and by the extensive system 
of intermicellar and interfibrillar spaces which is filled with gelatinous, 
hydrophilic pectic compounds. The low elasticity, reduced flexibility, and 
very high tensile strength (comparable to that of spring steel) of second¬ 
ary walls contrast strongly with the properties just described as being 
typical of primary walls. The greater stiffness and toughness of secondary 
walls are caused by the presence of larger quantities of cellulose in the 
wall and by the high proportion of crystalline cellulose. 

Both primary and secondary walls are transparent to wave lengths of 

the visible spectrum. 

Chemical Constituents of Cell Walls.—Cellulose is by far the most abun¬ 
dant compound found in the cell walls of the higher plants. Associated 
with cellulose in all the primary cell walls of vascular plants are greater 
or lesser amounts of pectic compounds. Their presence in the middle 
lamella and in the intermicellar spaces of the primary walls has already 
been noted. The chemistry of the pectic compounds is discussed in Chap. 

XX. 

Lignin is an important constituent of the walls of most of the cells 
that make up woody tissues and it also occurs commonly in other thick¬ 
ened walls. The chemical structure of lignin appears to be that of a poly- 
fiavone (Bonner, 1950). 

Lignin first appears in the middle lamella and primary wall and later 
can be detected in the secondary wall. When associated with cellulose, 
lignin is present in the spaces between the micelles and not within the 
micelles. Lignified walls arc usually freely permeable to water and solutes. 
The tensile strength of lignified cell walls is the same as that of cellulose 
walls but lignified walls resist compression better than cellulose walls. 
The increased resistance of lignified walls to compression is explained 
by the assumption that the presence of lignin in the intermicellar spaces 
welds the cellulose micelles into a single coherent mass and thus prevents 
the bending and buckling of the cellulose strands when they are sub¬ 
jected to compression strains. 

Cutin is the name applied to the mixture of wax-like materials found 
on the outer surface of the epidermal cell walls of leaves, stems, fruits, 
and other organs. These wax-like substances are intimately associated 
with cellulose and often with pectic substances producing a wall of great 
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structural complexity (Anderson, 1934). Cutinted cell[ wads are re!a- 
tivelv impermeable to water. The presence of cutin in the outer walls oi 
epidermal cells greatly reduces the evaporation of water from the surface 

° f .CmnTs U sim.lar in many of its properties to cutin. It constitutes an 

. f of cork cell walls and it is also found in the walls of a 
important P^ 0 f c ork c eU w Qf ennial plants, aside 

eutin and suberin is discussed m Chap. XXII , ides associ . 

Hemicelluloses are a poorly del^ gnwp e ^ chemically related to 
ated with cellulose in plant cell walk T V chemical and 

SS “ - - 

substances are discussed in Chap. XX^ the perforated 

sxjz 

constitutes U» tunerJ "hemie.l .«>»*■• »< 
occurring in the lungi. inc 

known. yv\ common in the exoskeleton 

Chitin is an amino-liexosan (Chap. XX), ^ bactcria It has 

the walls of certain algae, but it is un- 

- - 3Z 

also occur in the walls of cer am constituents of the outer walls of 

Mucilages (Chap. XX) are comm ^ f some seed coats, 

many water plants and occur also in the outer 

in glandular hairs, and in other tissues. calcium, iron, and other 

Inorganic compounds such as si wallg Nonc 0 f these inorganic 

metals are also present in some j csscn tial constituents of the cell 

compounds, however, are regarded as essentia 

walk f , vasC ular plants, protoplasm 

Protoplasm.— In most mature ce inner sur face of the cell walls, 

is present only as a thin layer cover g . gm als0 extend across the 

but in some cells branching stran s oton j a sm of active cells appears 
vacuole. Under high magnification c P num erous tiny granules and 
as a colorless fluid, in which are suspe frequently exhibit active 

droplets of insoluble materials. T icse gr protoplasm also is fre- 

Brownian movement. The fluid compoii 'inner surfaces of the cell walls, 
quently in motion, streaming around.the _ ~ 
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Although protoplasm appears to be a simple liquid, no simple hqm 
could possibly possess the remarkable powers of synthesis assimilation^ 
reproduction, growth, and sensitivity that characterize the protopla.m 
(/living plant cells. The properties and behavior of protoplasm cleaily 
show that it is not a substance but that it must be regarded as a complex 
system of substances. This system is dynamic; it is constantly under¬ 
going changes yet at the same time the changes are so regulated and 
controlled that the system is not disrupted. A cell is alive only so long as 
the organization of this dynamic protoplasmic system is maintained. 

The Chemical Composition of Protoplasm.—Since protoplasm is a dy¬ 
namic system of substances it is not possible to subject it to chemical 
analysis without destroying it. In the strict sense, therefore it is impos¬ 
sible to discover the chemical composition of protoplasm. It is possi) e, 
however, to examine the substances present after the protoplasmic sys¬ 
tem has been destroyed and to determine their chemical composition and 
relative abundance. A number of such studies have been made. 

Water is the chief component of all physiologically active plant pro¬ 
toplasm, usually making up more than 90 per cent of the system. The 
water content of the protoplasm of dry seeds, on the other hand, may be 


less than 10 per cent. 

Most attempts to determine the chemical composition of plant proto¬ 
plasm have been made upon species of the myxomvcetes (slime molds) 
At certain stages in their life history these organisms consist of naked 
masses of labile protoplasm. They are often found flowing o\ei rot¬ 
ten logs in damp woods. The fact that the myxomycetes provide rela¬ 
tively large quantities of protoplasm entirely free from cell-wall material 
has made them a favorite object for chemical analysis. Even in such 
organisms, however, not all of the constituents of the plant body can be 
regarded as integral parts of the protoplasm. Distributed throughout 
the protoplasmic mass are particles of foods and other inert materials 
which cannot be separated from the protoplasm. The results of a chemi¬ 
cal analysis of the dry residue of a myxomycete plasmodium are shown 


in Table 7. 

As shown in this analysis, proteins and other nitrogen-containing com¬ 
pounds constitute the bulk of the organic matter in the plasmodium of 
this species. Many different varieties of proteins arc known to occur in 
the protoplasm of plant cells. They are compounds of enormous molecular 
weight (Chap. XXVI) and undoubtedly make up a large proportion of 
the labile structural framework of the protoplasm. 


Lipids (Chap. XXIII) constitute a smaller fraction of the protoplasm 
than the proteins. Three types of lipids occur in the protoplasm; the true 
fats (oils), the phosphatidcs (phospholipids), and the sterols, of which 
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phytosterol is an example. The oils arc generally suspended in the pro¬ 
toplasm in the form of minute globules. They are probably more unpor- 
tant as food reserves than as actual constituents of the protoplasm The 
phospholipids and sterols, on the other hand, are believed to be essential 

constituents of the protoplasmic system. 

The water-soluble carbohydrates and ammo acids present in the pla - 
medium of this species, are probably almost entirely foods- The imu-gamc 
compounds (“mineral matter”) in plant cells are chiefly the phosphates 
chlorides, sulfates, and carbonates of magnesium, potassium, sodium, and 

calcium. 

TABLE 7 -ANALYSIS OF THE PLASMODIUM OF A MYXOMYCETE RESEMBLING FULICO VARIANS. 

(DATA OF LEPESCHKIN, K/I3) 



Percentage of 
dry weight 


A. Water soluble substances, chiefly from vacuoles: 

Monosaccharides. 

Proteins.. . 

Amino acids, asparagine, etc. 

B. Insoluble organic substances, principally constituents of the protoplasm 

Nucleoproteins. 

Nucleic acids. 

Globulin . . 

Lipoproteins. . 

Neutral fats. 

■ ••••****" 

Phytosterol. 

Phosphatides. . 

Other organic matter. 


C. Mineral matter, about half water soluble 


14.2 
2.2 
24-3 


32-3 

2- 5 
0.5 
48 
6.8 

3- 2 
>•3 

3- 5 

4 - 4 


An analysis such as that presented in Table 7 is not without value in¬ 
asmuch as it furnishes some information lcgan mg ie ^ more 

portions of the compounds present in protoplasm. ™ f than a 
information regarding the organization o pro'°P hous ’ e woukl 

chemical analysis of the ground up debris worthy of 

furnish regarding the structure of that j' 0 “ S ^ cc0 “ s clc!ir( , r and clearer 

emphasis, since with the progress of biology nf its nhvsio- 

that the properties of protoplasm are as much a funct.onof.ts ph> m 

chemical organisation as of the specific kinds of 

Although wc commonly refer to “protoplasm a* e difrcr e n t 

all living cells, it is evident that there are animals All 

varieties of protoplasm as there are species of plants ai 
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. thpm however are dynamic systems composed of the same types of 
compounds, and all of them possess a colloidal organization o a com- 

^TheThysical Properties of Cytoplasm.-There are enormous difficulties 
in the way of determining the physical properties.of cyto]piasm T le y 
tonlasmic system is so dynamic and so susceptible to change that most 

experimental procedures are almost certain to alter its 
ties The magnitude of such induced alterations is usually difficult to 
estimate and hence there are often serious discrepancies between the r 
suits of’different investigators. Certain generalizations, however, seem 

t0 ^Transparency—Apart from certain pigmented struc ^ r ^| auch ” 
chloroplasts, cytoplasm is usually transparent to wave lengths of 

visible spectrum. 



fio 15 Demonstration of the “elastic" property of cytoplasm. Redrawn from 

Seifriz (1936). 

2. Elasticity —Cytoplasm appears to combine both elastic and fluid 
properties to a degree unusual in physical systems. Strands of cytoplasm 
sufficiently fluid to show protoplasmic streaming behave like elastic 
threads, and Seifriz (1936) has shown that the cytoplasm of a plant cell 
may be drawn out into long threads which snap back into the cytoplas¬ 
mic mass when released (Fig. 15). Cytoplasm is not invariably elastic, 
however, for sometimes viscous cytoplasm may be more plastic than 
elastic and highly fluid cytoplasm also may give little evidence of elastic 
extensibility. The elastic properties which seem so generally present in 
cytoplasm appear to owe their origin largely to the structure of the pro¬ 
tein molecules and micelles which have so important a role in cytoplas¬ 
mic structures (Moyer, 1942). 

8. Viscosity —Numerous ingenious methods of measuring the viscosity 
of cytoplasm have been devised, but the results obtained are not in agree¬ 
ment. The one conclusion which emerges most clearly from all of these 
studies is that the viscosity of the cytoplasm of living cells may vary 
within wide limits and with extreme rapidity. It has also been found 
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that different portions of the undifferentiated cytoplasm of a single liv¬ 
ing cell possess very different viscosities. Near the surface, cytoplasm 
is more viscous than in the interior, although accord,ng to Scarth (1942 
the surface itself is highly fluid. In general, much of the cytoplasm of 
cells that are physiologically active is very fluid, whereas m dormant 
cells, such as those of dry seeds, the cytoplasm may be as viscous as a 
stiff gel The viscosity of the cytoplasm in active cells may change rap¬ 
idly as a reaction to mechanical injury or electnc shock, to changes in 
temperature differences in acidity, and exposure to various chemical 
compounds. Dehydration increases the viscosity of the cytoplasm and 
death of the cell results in a marked increase in viscosity. 

4 Immiscibility with Water— The cytoplasm of cells that are physio- 

logically active is invariably composed predominantly of water, yet 
when the protoplasts arc extruded from such cells into an aqueous me¬ 
dium they do not ordinarily mix with the water. The failureto cytop asm 
to become dispersed through the water ,s largely ,f no 

of active cells readily disperses in the wat^n systems 

ASSF*- fWSSk -H rs £ 

hydrophilic ^sols^ and gels, and every 

tive cells is destroyed by temperatur , . u j t f rom a coagu- 

cells at such temperatures is generally (Chap. 

lation of some the pr “ tC1 "Actors'may bring about coagulation of the 
XXX) A number of certain species. Among these are 

protoplasm, at least in the <= freezing, mechanical pressure, su- 

certain electrolytes electric of radiant energy (especially 

pereomc waves, and certain \\a\e £ j: q tinnO 

ultraviolet radiations, X-rays, and ra 1U ™ h been ma d e to de- 

7. Electrical Properfe-Numcrous "ts^have that 

termine the isoelectric p0int “^f “Electric point but rather an isoelec- 
cytoplasm does not have a defini - , , t tba t cy t 0 plasm 

trie range. This is doubtless to be explained ^ejact^ ^ ^ 

is a complex sol composed of . ma ”?L 1 Yfrom tba t 0 f the others. Meas- 
may possess an isoelectric point 1 e f* n root tips 0 f different plants 
urements of the cytoplasm of cells 
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showed the isoelectric range to be from pH 4.6 to pH 5.0 (Tsaylor, 19 6). 
These values appear to be representative for cytoplasm in general. 

Cytoplasm is usually on the alkaline side of its isoelectric range (sec 
later discussion of the pH of the cytoplasm), and therefore we would ex¬ 
pect to find that its constituent micelles are negatively charged. That 
this is true at least for the visible granules of the cytoplasm of some cells 
has been shown by Sen (1934). Cataphoretic migration of the granules 
in the cytoplasm of root hair cells and epidermal cells toward the anode 
was shown to occur, thus indicating that these particles carry a negative 
charge. Heilbrunn (1940), on the other hand, has reported finding cyto¬ 
plasmic inclusions to be positively charged and suggests that the positive 
charge results from the presence of carbonic acid in the cell. During ac¬ 
tive photosynthesis, when CO. concentrations may be presumed to be 
low. the charge on the chloroplasts of Elodea cells becomes negative. _ 

The proteins present in the nucleus apparently possess different iso¬ 
electric points from those of the cytoplasm. Furthermore, it is probable 
that some portions of the cytoplasm possess isoelectric points different 
from those of other parts of the cytoplasm in the same cell. 

Cytoplasm contains dissolved electrolytes and would therefore be ex¬ 
pected to conduct an electrical current. Brooks (1925) determined the 
electrical conductivity of the plasmodium of the myxomycete B : efeldia 
maxima and found it to be equivalent to that of a 0.00145 A solution of 
NaCl, which is a relatively low value. The solution in the moss substrate 
on which the plasmodium was growing had a conductivity only about 
one-third as great as that of the plasmodium. Evidence was also found 
that the conductivity of the protoplasm varies according to the conduc¬ 
tivity of the medium with which the cells are in eontact. 

8. Streaming —In many cells the cytoplasm may be seen in active 
movement. In the simplest cases this movement consists of a rotation of 
the cytoplasm around the inner surface of the cell wall. Where cyto¬ 
plasmic strands extend through the vacuole, as in the cells of Trailes- 
cantia stamen hairs, the circulation of the cytoplasm may become very 
complex. Rates of cytoplasmic streaming seldom exceed 0.1 mm. per sec. 
The plastids and the visible granules are carried passively around the 
cell by the moving cytoplasm. The causes of cytoplasmic streaming (c?/- 
closis) are unknown. It is accelerated by increases in temperature up to 
the point where injury appears and is checked by low temperatures, 
ceasing at temperatures slightly above the freezing point. Cyclosis is 
also stopped in the absence of oxygen and by anaesthetics in relatively 
high concentrations. In dilute concentrations toxic substances such as 
copper sulfate and narcotics accelerate the streaming movements. Light 
also appears to increase the rate of streaming under certain conditions. 
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The specific effects of the various factors which influence protoplasmic 

streaming are reviewed in detail by Seifriz (1943). 

9. Permeability —The cytoplasm is variably permeable to water and 
many solutes. Physiologically this is one of its most important properties 

and is considered in more detail in Chap. ^ III. 

The Physical Structure of Cytoplasm.— Any satisfactory explanation of 
the structure of cytoplasm must account not only for its physical proper¬ 
ties and for its dynamic behavior, but must also explain how the innu¬ 
merable diverse physical and chemical reactions characteristic of living 
cells can occur side by side in the same general medium. The highest 
magnifications reveal no evidence of any structural background in ac¬ 
tive cytoplasm, yet its complex activities suggest that it must possess 
an intricate structural organization. The marked imbibitional capaci > 
of cytoplasm, its stability toward electrolytes, its electrical properties, 
its coagulability, and its gel-forming capacity all suggest that it is o 
be classed with the hydrophilic colloids. All modern students of cv o- 
plasm are agreed that it is a hydrophilic colloidal system of extreme com¬ 
Elastic gels probably possess a submieroscopic structure of lon B 
lacing fibrillar unite which hold a liquid in their irregular interstices 
(Chap. III). Similar unite are believed to be present ■n mnny hydro- 
philic sols. Evidence from a variety of sources suggests ^ cytoplasm 
also has a structural background in which such organized units of sub- 

microscopic size play an important role. • 

Because of the preponderance of proteins and related ^stances in 

dried protoplasmic residues, it seems to be a sa e a ' sump . ‘ p r0 
primary structural framework of cytoplasm is compose 
tein molecules are long chains of amino add residues (Chap. XM I with 
many, often complex, side groups. Some kinds of protein 
characteristically in the form of essentially stung 1 < .’j 11 ' 1 *' ‘ 

bent back and fourth upon each other forming globoid u "“* 

1942). There is considerable evidence that he configurat o of a given 
protein molecule may change from globoid to _it>onr lini 

pending upon the conditions to which it is su >jcc e( as 

That at least some of the proteins present m the cytoplasm occur^as 

more or less linear molecules or aggregates o sue mo 

tremely probable. To postulate that the basic cytoplasmic st uetoecon^ 

sists of a three-dimensional network of such in er aci g , j 

With a more fluid phase occupying the interstices among ftemokeuar 

filaments is entirely consistent with current knowledge_ 
chemical composition and physical properties o cy o| - ■ 
of intersection, such interlacing molecules are presumed to be tied 
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gether with various types of chemical bonds which may vary m degree 
of firmness with prevailing conditions. The hydrophilic properties of cy¬ 
toplasm, its changes in its viscosity, elasticity, and tensile strength as 
well as its sometimes rapid sol-gel transformations could all be accounted 

for on the basis of such a structure. . 

The Plostids. —All living cells of the higher plants contain prominent 

cytoplasmic bodies known as plastids. These structures are often ellip¬ 
soidal in shape and are frequently conspicuous because of the presence of 
pigments. The color of the pigments in the plastids has been used as the 
basis for their classification, but this system is highly artificial since a 
single plastid may be colorless, green, red or yellow at different periods 



of its existence. _ 

In meristematic and embryonic cells the plastids first appear as tiny 

uranules in the cytoplasm that range in size down to the limit of visibil- 
h ‘ ity (Randolph, 1922). These granules 

gradually enlarge and differentiate un¬ 
til mature plastids are produced. In 
growing and in mature cells plastids 
frequently multiply by fission. 

In the algae the chloroplasts ex¬ 
hibit a wide range of size and shape, 
but in the higher plants they show a 
remarkable similarity. The mature 
cldoroplast of the higher plants is 
typically a slightly flattened ovate 
spheroid with the longer axis ranging 
Fin 10 Electron microscope pho- between 4 & and 6 in length. The 
tograph of two chloroplasts of spin- num ber of chloroplasts present in a 

from and n port 1 c h r 0t ( 0 f947 P ) -.1 of a higher plant may range from 

a few to over a hundred. The number 


present in a given cell may be quite different at different stages of its 
development. 

Chloroplasts consist basically of a proteinaceous matrix or stroma 
which probably is surrounded by a membrane. The chlorophyll and other 
pigments are present in small wafer-shaped granules called gran a which 
are distributed throughout the stroma (Weier, 1938, 1939 and others). 
Pigments are distributed throughout the apparently proteinaceous frame¬ 
work structure of each granum. A single cldoroplast of spinach contains 
forty to sixty grana (Fig. 16), each about 0.6 g. in diameter and about 
one-eighth as thick (Granick and Porter, 1947). Several million chloro¬ 
phyll molecules could be contained within a single granum. 

The ehromoplasts contain red or veilow pigments and are frequently 
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very different in size and shape from the chloroplasts. Usually they are 
very slender spindle-shaped or needle-shaped bod.es. They occur both 
singly and grouped in bundles. The irregular angular outline of these 
plasUds contrasts sharply with the regular curved surface of the^Idoro- 
plasts. In some species, however, chloroplasts may develop red or > ellow 
pigments and completely lose their green color. The red and > ellow colo s 
of some fruits, notably members of the Solanaceae, and some floncrs, are 

”£ « usually la ,h. a, 

matic tissues in which they often represent juvcmle ^^es .n the develop¬ 
ment of chloroplasts and chromoplasts. In tissues not exposed to hgh 
they remain as colorless plastids and are the structures ... winch starch 

^Thl Nucleus!— The nucleus is a conspicuous spheroidal body which is 
imbedded in the cytoplasm. In most plant cells tin. nucleus has a d.ame- 
ter which falls within a range of 5 , to 25 g. In the ^cular plants there 
is usually only one nucleus to a cell, although m certa.n pes on.ell 
several may be present. The sieve tube cel s are the only 1-hnow^ex 
ample of living cells in the higher plants m winch no o.gan.zed nucleus 

iS TheTmportance of the nucleus centers around the fact that ; the.heredi¬ 
tary potentialities of the cell are detcrm.ned by the chromosomes w nc 
reside in the nucleus. The factors in the chromosomes ^ ^ 

general patterns of growth within wimi tt see d can 

exert a controlling influence over tlu p »>- l ° K determination 

at least insofar as these processes are concerned with the 

of the broad general patterns of growd i ^p. ’ Qf & mature 

The Vacuole.-One of the fiUed with cell sap 

plant cell is the presence of a large c 

and entirely surrounded by the cytoplasm. usua llv contain nu- 

Meristematic cells in the tips of stems am ©nlasm. The shape 

merous small vacuoles scattered throug mu m by the ac . 

of these vacuoles varies greatly and seems vacuoles arc 

tivity of the cytoplasm. In they 

usually spherical, but when the cytoj • ^ arc actively di- 

may assume many different forms. Cam mi' ‘ j cambium mi¬ 
ning may contain very large vacuoles IW) ^ ^ ^ are 

tials the vacuoles, like those in the mens i • } 1hrea d-like, or 

not uniform in size or shape, but may he rod-shaped, 
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globular. They may coalesce into a large single vacuole or they may 
divide into numerous smaller vacuoles. Mature cells, however, whether 
they arise from primary meristems or from the cambium cells, typically 
contain one large central vacuole which arises by the increase in size 
and coalescence of the numerous smaller vacuoles usually present in the 
meristematic cells. 

There is no general agreement as to the method by which vacuoles 
originate. Three possibilities are recognized: (1) they may arise by the 
division of pre-existing vacuoles, (2) they may originate de novo in the 
cytoplasm, and (3) they may develop from organized units of the cyto¬ 
plasm. There is no convincing evidence, however, that the vacuoles of 
the cells of the vascular plants arise in any way except by the division 
of pre-existing vacuoles (Zirkle, 1937). 

Among the various substances present as solutes in the vacuole are 
sugars, mineral salts, organic acids (oxalic acid, especially, seems to be 
of frequent occurrence), amino acids, amides, alkaloids, glycosides, fla- 
vones, and anthocyanins. Fats and related compounds often occur in 
finely emulsified form. Proteins, tannins, mucilages, lipids, and other 
substances are commonly present in the colloidal state. Crystals of cal¬ 
cium oxalate are also of frequent occurrence in the vacuoles of mature 
cells. 

Hydrogen Ion Concentration of Plant Cells. —The hydration and viscos¬ 
ity ol the protoplasm, the permeability of the cytoplasmic membranes, 
the activity of enzymes, the chemical activity of various ions in the cell, 
and various other physiological processes and conditions are all influ¬ 
enced more or less by the hydrogen ion concentration of the protoplasm 
and the cell sap. 

Direct measurements of the hydrogen ion concentration of the proto¬ 
plasm and cell sap have been made by introducing indicator dyes into 
living cells. By careful manipulation of a micropipette the dyes can be 
injected into the cytoplasm without penetrating into the vacuole or in¬ 
jected into the vacuole without penetrating into the cytoplasm. Only 
nontoxic dyes can be injected into living cytoplasm for pH determina¬ 
tion, else the results may be invalidated by injury or death of the cyto¬ 
plasm. Dyes are considered to be nontoxic, or essentially so, if proto¬ 
plasmic streaming continues in the same; way as before the injection. In 
this manner it is possible to determine tjie reaction of the cell sap and 
that of the cytoplasm independently. 'Results of the microinjection 
method, when applied to the root hairs of the water plant Limnobium 
spongia, indicated a pH value for the cytoplasm of 6.9 ± 0.2 (Chambers 
and Kerr, 1932). The cell sap of the same cells was found to be more- 
acid, having a pH of 5.2 ± 0.2. 
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Indirect measurements of the hydrogen-ion concentration of plant cells 
are often obtained by expressing the juice from a sample of plant tissue 
and determining the pH value of the expressed sap. The expressed sap 
represents a mixture of the liquids from many millions of cells and gives, 
therefore, only an average value for all of the cells in the tissue under 
study Since it is probable that most of the liquid pressed from the sam¬ 
ple comes from the vacuoles of the cells, the pH values obtained arc 
considered more typical of the vacuolar solutions than of the cytoplasm. 
In spite of the obvious limitations of this method, much information of 
importance has been secured. Extensive studies of plant saps made in 
this way show that their hydrogen ion concentration usually falls be¬ 
tween pH 5.5 and 6.5 (Hurd-Karrer, 19391. The pH value of the cyto¬ 
plasm of plant cells is higher and appears to be more constant, usually 
falling between pH 6.8 and 7.0 (Seifriz, 19361. There are many excep¬ 
tions to these generalizations—the sap of some cells has a much more 
acid reaction, values as low as pH 0.9 being reported for a species o be¬ 
gonia (Smith and Quirk, 19261. On the other hand, alkaline values have 
been found in the vacuolar solutions of some species (Haas 19161. 

Buffer Action in Plant Cells.— Both the cytoplasm and cell sap of plant 
cells are usually buffered. The former, however, as its lesser variably 
in pH indicates, is usually more strongly buffered than the latter All 
the actual information available regarding buffer action is based, how¬ 
ever, upon determinations made upon expressed plant saps. 

The most important buffer systems in living organisms are those com¬ 
posed of a weak acid and one (or more) of its salts (Chap. 21. Some 
of the principal acids which are components of plant buffer systems are 
carbonic, phosphoric, citric, malic, tartaric, and oxalic. The principal ba e- 
fonning elements present in the salts which may serve as components of 
buffer systems are sodium, potassium, calcium, an magnesium. 

The buffer action of some plant saps is apparently due predom nantly 
if not almost entirely, to one system. The buffering of lemon, mce for 
example can be accounted for almost entirely in terms of the citrate 
buffer system (Sinclair and Eny, 1946). More commonly, ^ver a 
number of different buffer systems are present in a plant .ap (.ma , 

194 The Cell in Relotion to the Orgonism.-In this 

of plant cells have been considered in some detail, bo g 

their structure and their roles in phys.olog.ca processes^ Celts are com 

monly referred to as the basic units of plant t.ssucs. Few w.l quarrel 
with the idea that cells are units of structure, but ,t » * ™ itl ' 

ize that the cells of the higher plants are not .solatcd “ , 

The minute protoplasmic strands which interconnect all living cells 



68 


PLANT CELLS 


them together so that the various tissues of plants are interdependent 
and are profoundly influenced by one another. The coordination and con¬ 
trol of the physiological processes occurring in a plant is clear evidence 
that such an organism is more than a mere aggregation of genetically 
equivalent cells and that control of cellular processes resides in the or¬ 
ganism as a whole rather than within the individual cells. 
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DISCUSSION QUESTIONS 

1 . How would you undertake to ascertain the number of cells in an apple leaf? 
In a pine needle? 

2. In what ways are plant and animal cells alike? Unlike? 

3. List some of the phenomena characteristic of colloidal systems which occur 

in plant cells, citing specific examples. __ 

4. Describe a living green plant cell from a physiological point of view. How 
will such a description differ from a morphological description of the same cell? 

5. How would you undertake to find out whether the interior of a given plant 
cell was occupied by a vacuole, or by a mass of protoplasm? 

6 . Using figures given in the text, calculate the volume of a representative plant 
cell. What assumptions did you make as a basis for your calculation? If this cell 
shrinks 20 per cent in one dimension, what will its volume be? Twenty per cent 
in two dimensions? Three dimensions? 

7. Do you consider the term “dead protoplasm” a satisfactory one? Explain. 

8 . Summarize the differences in structure which account for the differences in 
properties between primary and secondary walls. 
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The chemical elements which 

piant are among the JL 

occur in the env.ronmcnt 0 compounds. From the rcla- 

pounds and enter plants in the f 1 (rom its environment 

tivcly small number o com, -nd,^en organic compounds 

the green plant laoncavtb i;.- (r QV stem 

which are essential to its continued existence as a hr mg system;^ ^ ^ 

The movement of substances into a p an Substances enter 

complished largely by the process knownas q[ the root 

a plant partly through its aena org ■ cn gases diffuse 

system. From the atmosphere, carbon dioxide and ox> g 6 ^ ^ 

into plants, principally through j nto the plant at least par- 

the cations and anions of inorganic sa s mechanisms are also 

tially by diffusion, although other more complex mccha 

involved in the entrance of substances in environment is 

Similarly the loss of substances from^ of water vapor 

accomplished principally by d of ]ants into the atmosphere 

pass out of leaves and other aeria t j mcs car t )0n dioxide gas 

by this process. At times oxygen gas c tain volatile compounds 

diffuse from plants into the atmosphere^ Certai^ g imilarly 

also escape from the aerial^organs o compounds into the soil by diffu- 
the roots lose carbon dioxide and 

sion - * Quittances from one part of a plant 

Likewise some of the movemen . g true b 0 th 0 f the gases 

to another is accomplished by i US1 • ^ t jj C water and solutes 

which move through the intercellular spaces a ^ of ma _ 

which move within the cells. ^ 

terials from one plant organ t 
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plicated mechanisms than diffusion. Within any living plant cell diffu¬ 
sion of substances from one part of a cell to another is also continually 
in progress. 

In brief, there are few if any of the physiological processes occurring 
in plants which do not directly or indirectly involve diffusion phenomena. 

Diffusion of Gases. —If a small vial of bromine gas is broken under a 
bell jar which has previously been evacuated of air, the entire jar quickly 
becomes filled with tlie brownish vapor of bromine. The distribution of 
the bromine gas throughout the bell jar has been accomplished by the 
kinetic activity of the bromine molecules and is a simple example of 
the process of diffusion. If the vial of bromine be broken under a bell 
jar which has not been evacuated of air, the time required for the bromine 
gas to occupy the bell jar completely will be longer than when diffusion 
of the gas occurs into a vacuum. Under such conditions the freedom of 
movement of the bromine molecules is impeded by the presence of mole¬ 
cules of the gases of the air, and the diffusion process is retarded. If the 
pressure of the air within the bell jar be increased to two atmospheres 
(which is equivalent to doubling the concentration of all the gases in 
the jar), the rate of diffusion of the bromine gas through the air would 
be still less than when the jar was occupied by air at atmospheric pres¬ 
sure. 

Many other simple examples of the diffusion of gases might be cited. 
If a bottle of ammonia, ether, peppermint oil, or of any other readily 
volatile substance with a characteristic odor be opened indoors, within 
a very short time the distinctive odor of that substance can be detected 
in all parts of the room. Such a dispersal of gas molecules is accomplished 
at least in part by diffusion, although air currents often assist in speed¬ 
ing up such a distribution of molecules. Except in the rare case of diffu¬ 
sion into a vacuum, diffusing molecules move between the molecules of 
other substances. 

The following somewhat fanciful analogy may aid in visualization of 
the kinetics of the diffusion process in gases. Suppose two adjoining 
rooms to be connected by a closed double door. Imagine also that one of 
these rooms contains a large number of tennis balls traveling in various 
directions along straight pathways at different rates of speed. The aver¬ 
age distances between the tennis balls are supposed to be relatively great 
in proportion to their diameters. Each tennis ball represents a molecule. 
The individual balls will be constantly bumping into each other and into 
the walls of the room. Because of the large number of balls present in¬ 
numerable collisions will occur every second. Each time a ball strikes 
a wall of the room it will bounce off along a different linear pathway. 
Similarly, whenever two balls collide, each will be deflected out of its 
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course along a different route, to which it will hold undeviatmgly until it 
is again deflected from its path by another collision. Thei course of each 
ball will thus be a rigzag progression through space each short est 
of its path being terminated by a collision which changes its direction. 
All of the balls do not move at the same speed at any given time but 
the speed of each fluctuates from moment to moment as a result of 
numerous collisions in which it participates. The average speed o^the en¬ 
tire group will remain constant, however, as long as the temperature re 

close to the door will pass into the empty romrn The first ones todo ^ 

will travel without interruption untd they bu P ^ with othcr 

as their rate of progression will not be impeue y 

molecules. When they hit against one of the walls of itexccmtte* 

bounce back into its interior along a new pathway As more q 

of the balls pass into the the 

becomes slower since the greater apnreei- 

greater the number of collisions P." ""mp^1 * asa result of 

able number of tennis balls has im ^ through the doorway into 
their random movements, some I Ag longi however, as 

the room which originally c0 " “!^ e lumc) of the tennis balls is greater 
the concentration (number pc movements will result in more 

;rigT 0 r tlVlr il the room in which their lesser concentra- 

tion prevails, than in the opposite irec r tennis halls will have 
In a relatively short time the ^^*^ .*■*«*• from 

become equal in both roomer‘ „^ty"o°f concentration has been cstab- 
one room into the other After q - e door in one direction in 

lished the number of balls passing number moving in the 

any interval of time will he exactly equal to ' is at . 

opposite direction. When thls con 1 10 . d in this discussion, is no 
tained, diffusion, in the sense the word is used 

longer occurring. ,wrihcd one room were filled 

If, in the hypothetical illustra 10 "^ cr with red tennis balls, diffusion 
with white tennis balls and the . 'The red balls would “dif- 

would occur simultaneously in bo n ‘ concentr ation was zero 

fuse” toward the room m which „ oppos ite direction. At equilib- 

while the white balls would “diffuse 1 equal throughout 

rium the concentration of the white balls would , 

the two rooms, and this would likewise he true of the 
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Even after a dynamic equilibrium has been attained in any system, 
haphazard kinetic activity of the molecules continues. This is sometimes 
referred to as diffusion, but will not be so considered in this book. The 
term diffusion will be used only to characterize situations in which there 
is gain in the number of molecules of a certain kind in one part of a sys¬ 
tem at the expense of other parts. According to this concept diffusion 
can occur only when the concentrations of the diffusing substance is not 

uniform throughout the system, and 



Fig. 17. Apparatus for demonstrat¬ 
ing the development of pressure dur¬ 
ing diffusion of gases: (A) porous clay 
cup, (fl) glass tube, (C) vessel of 

colored water. 


the process can continue only as long 
as differences of concentration are 
maintained. 

The phenomenon of diffusion is ex¬ 
hibited by the molecules of liquids, 
solutes, and even solids, as well as 
by those of gases. Diffusion of ions 
also occurs, and even colloidal par¬ 
ticles diffuse, but only at very slow 
rates. 

Diffusion phenomena should be 
clearly distinguished from mass 
movements, in which the moving 
units are not single molecules, but 
more or less extensive assemblages 
of molecules. Winds and air currents 
generally are examples of mass 
movements of gas molecules. The 
draft of warm air ascending a chim¬ 
ney is another. All of the phenomena 
just listed, and many others, result 
primarily from differences in the 
density of the gases in various parts 
of. a system. Heavy gases are more 


strongly attracted by gravitational 
forces than light gases. Hence, as in a chimney, cold (relatively heavy) 
air, displaces hot (relatively light) air, forcing the latter to rise. Similar 
phenomena on a grand scale are the principal cause of winds and _ir 


currents. They are representative of the physical process called convic¬ 
tion. Such phenomena also occur in liquids. Mass movements of gases 
and liquids can also be caused in many other ways. 

Diffusion Pressure.—That diffusing gases sometimes result in the de¬ 
velopment of measurable pressures can be readily shown by certain sim¬ 
ple experiments. In Fig. 17 is depicted an apparatus which can be used 
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to illustrate a number of aspects of the phenomenon of diffusion of gases. 
This apparatus consists essentially of a vertically arranged glass tube, 
to the upper end of which is attached, by means of rubber stopper, a 
cylindrically shaped porous clay cup. This cylinder is hollow and its thick 
walls are pierced by numerous minute capillaries. These pores are fine 
enough to prevent mass movement of gases at any appreciable rate, but 
the porous clay is not a membrane in the usual sense of the word. The 
lower end of the vertical glass tubes dips in some colored water. If such 
a porous clay cylinder, containing air at atmospheric pressure, be en¬ 
closed within a bottle containing hydrogen gas, also at atmospheric pres¬ 
sure, a rapid bubbling of gas will occur from the lower end of the tube 
through the dye solution into which it dips. When the bottle is removed 
a rapid and sudden rise of liquid up the glass tube will ensue. This is fol¬ 
lowed by a slow subsidence in the level of the liquid in the glass tube, 
until it falls to that of the water in the beaker. 

The explanation of this sequence of events is as follows. For reasons 
which are discussed later, the rate of diffusion of hydrogen is greater than 
that of nitrogen or oxygen under comparable conditions. \\ hen the po¬ 
rous clay cup is first enclosed within the bottle of hydrogen, rapid diffu¬ 
sion of hydrogen gas occurs through the pores of the cup. This raises 
the total gas pressure within the cup, since outward diffusion of oxygen 
and nitrogen occurs at a much slower rate. Hydrogen gas diffuses into 
the cup in spite of the fact that this results in a greater total pressure 
inside the cup than in the surrounding atmosphere. The direction of the 
diffusion of the hydrogen gas is controlled entirely by its own differences 
in concentration and is unaffected by the presence of other gases. The 
greater gas pressure inside the cup results in the outward bubbling of a 
mixture of all three gases at the lower end of the vertical glass tube. 
When the bottle is removed from around the porous clay cup, the direction 
of the diffusion of hydrogen is reversed, since the concentration of hydro¬ 
gen gas is now greater inside of the cup. Since, while enclosed in the bot¬ 
tle of hydrogen, some of the nitrogen and oxygen diffused out of the cup 
an d some was lost by the bubbling of gases from the lower end of the 
glass tube, this rapid outward diffusion of hydrogen results temporarily 
in a lower total gas pressure inside the cup than that originally present. 
Hence the solution rises rapidly in the glass tube. Finally, nitrogen and 
oxygen diffuse slowly inward, because of the reduced concentration of 
these gases inside of the cup, and the liquid slowly falls in the glass tube 
its original level. 

That the process of diffusion may result in the development of pressure 
also can be shown very strikingly by means of another simple experi¬ 
ment. If a pure rubber balloon containing only a little air be suspen ec 
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in a closed bottle of carbon dioxide gas, it will gradually become dis¬ 
tended. Rubber membranes are quite readily permeable to the molecules 
of carbon dioxide but virtually impermeable to those of oxygen, nitrogen, 
or other gases of the atmosphere. Since, temperature remaining constant, 
the pressure exerted by any gas is directly proportional to its concentra¬ 
tion (number of molecules per unit volume), it follows that the diffusion 
of the molecules of gases may be interpreted in terms of the differences 
in the partial pressure (Chap. II) exerted by that gas in different parts 
of a system. Because of the greater partial pressure of carbon dioxide 
in the surrounding atmosphere, diffusion of this gas through the walls 
of the balloon continues until the partial pressure of the carbon dioxide 
is the same on the two sides of the rubber membrane. Since the initial 
partial pressure of carbon dioxide inside the balloon was virtually zero, 
and that in the bottle equivalent to 1 atm., the inward diffusion of car¬ 
bon dioxide gas results in a considerable distension of the balloon. 

In the analysis of diffusion phenomena it is often clarifying to speak 
of the partial pressure of a gas as its diffusion pressure. Solutes and liq¬ 
uids may also be considered to possess a diffusion pressure, although the 
existence of such a physical quantity is less evident in such systems than 
in gases. Hence the concept that diffusion is the movement of the mole¬ 
cules of a substance from a region of its greater to a region of its lower 
diffusion pressure is usually more satisfactory than the interpretation 
of diffusion phenomena in terms of concentration differences. 

Principle of Independent Diffusion. —In the first experiment described 
in the-preceding section it was shown that while one gas (hydrogen) was 
diffusing in an inward direction through the pores of a clay cylinder, 
other gases (oxygen and nitrogen) were simultaneously diffusing in an 
outward direction through the same pores. This exemplifies one of the 
most important principles governing diffusion phenomena—namely, that 
the direction in which any substance will diffuse is controlled entirely 
by its own differences in diffusion pressure, and is not influenced by either 
the direction or rate of diffusion of other substances in the same system. 
Hence, in any given system, as, for example, two adjacent plant cells, a 
number of substances may be diffusing in one direction across the inter¬ 
vening membranes, while simultaneously other compounds may be dif¬ 
fusing in the opposite direction across the same membranes. Each one 
of these individual substances will diffuse in the direction determined 
by its own differences in diffusion pressure, and at a speed which is de¬ 
termined by the factors that are influencing the diffusion of that particu¬ 
lar substance. 

Factors Influencing the Rate of Diffusion of Gases. — 1 . Density of the 
Gas .— Different gases diffuse at different rates even when influenced by 
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the same set of environmental factors. Hydrogen, for example, diffuse; 
more rapidly than any other gas. The same Thomas Graham who e 
ducted some of the earliest studies on the properties of colloidal systc 
also was one of the first investigators to study quantitatively the phe¬ 
nomenon of gaseous diffusion. He discovered the principle, often called 
“Graham’s Law of Diffusion,” that the relative speeds of diffusion of 
different gases are inversely proportional to the square roots of their rela¬ 
tive densities. By relative density is meant the weight of a given volume 
of gas as compared with the weight of the same volume of hydrogen. 1 
The relative density of oxygen is 16. Hence the rate of diffusion oi h\- 
drogen is proportional to l/Vl while that of oxygen is proportional to 
l/\/l6. Hydrogen gas will therefore diffuse four times as rapidly as 
oxygen gas under the same conditions 
of temperature and pressure. The rela¬ 
tive density of carbon dioxide is 22; 
hence by similar reasoning it is appar¬ 
ent that hydrogen gas will diffuse 
nearly five times as rapidly as carbon 
dioxide gas. 

2. Temperature .—Increase in tem¬ 
perature increases the speed of diffu¬ 
sion. This is due, at least in part, to the 
correlated increase in the kinetic activ¬ 
ity of the molecules of the diffusing 
substance. Actual measurements of the 
Qto of diffusion 2 generally yield values 

between 1.2 and 1.3. Such values are characteristic of any purely physn a 

process such as diffusion. , 

3. Diffusion-Pressure Gradient .-The fact that the d.rectwn of the 
diffusion of gases is from a region of their greater diffusion pressure to a 
region of their lesser diffusion pressure has already been emphasized, io 
Wed of diffusion is also influenced by differences in diffusion pressure. 
In general, the greater the difference in diffusion pressures between the t« 
regions, the more rapidly diffusion will oecur. The rate of diffusion is influ¬ 
enced, however, not only by the difference in diffusion pressures, but 

'Since a molar weight of any gas occupies a volume ofjj* 4 o'flhe "relativedensity 
dltlona, molar weights of gases are in themselves a nw ^ re|ji|ivc ,|,. ns j| y „( 

t^onThVbti^HLr'S euuaufrLlar^eigh. divided by 2 0.6 .usually 

'Thf Q°! ‘of any procesa-phyaical, chemical, ° r 
number of times that the rate of the process increases with a 
tore. If the rate of the process is doubled, Q>o is 2, etc. 
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Fig. IS. Diagram illustrating that 
the length of a diffusion gradient 
is a factor influencing its steepness. 



78 


DIFFUSION 


by the distance through which the diffusing molecules must travel. These 
two factors are components of what may be called the diffusion-pressure 
gradient or concentration gradient. This concept may be clarified by a 
specific illustration, such as that depicted in Fig. 18. In both parts, A and 
B, of this diagram, oxygen is represented as diffusing from a region in 
which its diffusion pressure is maintained at 760 mm. Hg (atmospheric 
pressure) into a region in which its diffusion pressure it just half as great. 
The length of the connecting tube is, however, just twice as great in A 
as in B. Under the conditions postulated the rate of diffusion from the 
region of greater diffusion pressure to the other will be just twice as rapid 
in B as in A. The diffusion-pressure gradient is equivalent to the differ¬ 
ence in the diffusion pressures between the delivering and receiving ends 
of the diffusion system divided by the length of the distance between. 
The greater or “steeper” this gradient the more rapidly diffusion will 
occur. The steeper the gradient, the more rapid the change in diffusion 
pressure per unit of length along the axis of the diffusion gradient. The 
steepness of a diffusion-pressure gradient may be changed by varying 
either factor, the difference in diffusion pressures, or the length of the 
gradient. 

4. Concentration of the Medium through Which Diffusion Occurs .— 
In general the more concentrated the medium, i.e., the more molecules 
per unit volume in the medium through which the diffusing molecules 
must pass, the slower the rate of diffusion. Bromine gas, shown earlier 
in this chapter, diffuses more rapidly through a vacuum than through air. 

Diffusion of Solutes.—The molecules or ions of a solute possess suffi¬ 
cient kinetic energy to move from place to place within the limits of a 
solution. The simplest method of demonstrating the diffusion of a solute 
is to introduce a crystal of copper sulfate, or some other compound which 
is colored when in solution, into the bottom of a tall glass cylinder filled 
with water. I he cylinder should then be placed in an environment of 
equable temperature where it will be free from disturbance. The diffusion 
ot the molecules or the ions which pass into solution in the water can be 
followed by the slow change in color of the water. One of the most strik¬ 
ing facts illustrated in such experiments is the extremely slow rate of 
diffusion of solutes through water. This results partly from the fact that 
in such an experiment the steepness of the diffusion gradient decreases 
with time, but principally from the fact that the densely packed mole¬ 
cules of the liquid enormously impede the diffusion of the dissolved 
molecules or ions. 

The true rate of diffusion of solutes is probably even less than the 
lates indicated in such experiments, because in all such setups convec¬ 
tion currents may develop in the water and aid in the distribution of the 
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solute throughout the body of the liquid. The diffusion of solutes is often 
demonstrated by employing a gel rather than a liquid as the medium into 
which diffusion occurs (Chap. III). Such a technique avoids errors in¬ 
troduced by the development of convection currents. 

The direction of the diffusion of any solute occurs in accordance with 
its own differences in diffusion pressure, regardless of the rate or direc¬ 
tion of diffusion of other solutes in the same system. The rate of diffu¬ 
sion of solute particles is governed by principles essentially similar to 
those which control the rate of diffusion of gases and is controlled by 
the following factors: 

1. Size and Mass of the Diffusing Particle. —Small molecules or ions 
diffuse more rapidly than large ones. A hydrogen ion, for example, dif¬ 
fuses many times more rapidly than a glucose molecule. Similarly, highly 
hydrated ions diffuse more slowly than those which have fewer water 
molecules bound to them, since the association of water of hydration with 
a molecule or ion in effect increases its size. The mass of the particle 
will also be a factor influencing the speed of its diffusion. As between 
two particles of the same size, but different masses, the heavier particle 
will diffuse more slowly. 

2. Temperature. —The kinetic activity, and hence the rate of diffusion 
of solute molecules, increases with increase in temperature. 

3. Diffusion Gradient.— The steeper the diffusion gradient, the more 
rapidly solute particles diffuse. 

4. Solubility. —In general, the more soluble a substance is in a liquid, 
the more rapidly it will diffuse through that liquid. This influence of 
solubility upon diffusion rates can be interpreted principally in terms of 
its effect upon the diffusion gradient, since pbviously steeper gradients 
can be built up if the solute is very soluble in the liquid than if it is only 
8 lightly soluble. 
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2. If, in the rubber balloon experiment described in the text, the initial pres¬ 
sure of carbon dioxide outside the balloon is I atm., what will be the approximate 
pressure of carbon dioxide inside the balloon at equilibrium? Outside the balloon? 

3. How can the carbon dioxide exert a pressure against the inside walls of the 
rubber balloon (question 2) when rubber is permeable to carbon dioxide? 

4. If a porous clay cup arranged as in Fig. 17 is surrounded with a bottle con¬ 
taining pure carbon dioxide, the water in the tube rises. If the cylinder is first 
dipped in water, however, and then surrounded by a bottle containing carbon 
dioxide, gas slowly bubbles out of the lower end of the vertical tube. Explain. 

5. Two containers of equal volume, A and B, are connected with a short length 
of tubing which is closed with a stopcock. Describe what will happen if the stop¬ 
cock is opened under the following conditions: (1) .4 contains C0 2 at 1 atm. 
pressure and B contains Ho at 1 atm. pressure. (2) A contains one volume of 
C0 2 ; B contains 1.5 volumes of C0 2 , but the pressure in A equals that in B 
because of its higher temperature. (3) A and B each contain C0 2 at 1 atm. pres¬ 
sure when the stopcock is opened. The temperature in A is then lowered 10°C. 
(4) A contains one volume of 0 2 and two volumes of C0 2 ; B contains two vol¬ 
umes of 0 2 and one volume of C0 2 . 
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Like gases and solutes, liquids exhibit diffusion phenomena. If, for 
example, water is brought into contact with another liquid such as ether, 
with which it is only slightly miscible, a slow diffusion of water molecules 
into the ether will occur. Simultaneously a slow diffusion of the molecules 
of the ether will take place into the water. Such diffusion will continue 

until the two liquids are mutually saturated. 

Osmosis.—This is by far the most familiar process involving the dif¬ 
fusion of liquids. An understanding of the 
dynamics of this process and of the sig¬ 
nificance of the physical quantity termed 
osmotic pressure is essential to an inter¬ 
pretation of the water relations of plant 
cells and tissues. 

Let us first consider an experiment ar¬ 
ranged as in Fig. 19. A sac-like membrane 
of collodion is completely filled with a 
strong sucrose solution and immersed in 
a beaker of water. The top of the sac is 
tightly plugged with a rubber stopper. 

The collodion membrane is prepared so 
that it is permeable to water, but imper¬ 
meable or practically so to sucrose; in 
other words, it is differentially permeable. It is also slightly elastic. 

After a short time the originally limp sac becomes rigidly distended. 
This is a result of the diffusion of water through the collodion membrane 
into the interior of the sac. Such a diffusion of water is an example of 
osmosis. The pressure developed as a result of the entrance of water pre¬ 
vails throughout the solution and is also exerted against the inside wall 
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Fig. 19. Apparatus for the 
demonstration of osmosis 
through a collodion membrane. 



82 


OSMOSIS AND OSMOTIC PRESSURE 


of the membrane. If the membrane is virtually impermeable to the solute, 
eventually the entire system will come to equilibrium, after which there 
will be no further increase in the volume of water inside of the mem¬ 
brane. 

When the movement of the solvent is referred to in discussing osmosis 
it is always the net movement which is meant. Solvent molecules will 
always be'moving across the membrane in both directions, but, except 
when an equilibrium has been attained, more molecules will move per 
unit of time in one direction than in the other. As will be shown in the 
later discussion this net movement is always from the region of the greater 
diffusion pressure of the solvent molecules to the region of their lesser 
diffusion pressure. The maintenance of the diffusion-pressure gradient of 
the liquid in most osmotic phenomena is made possible by the relative 
impermeability of the membrane to the molecules of solutes. If the mem¬ 
brane were permeable to the solute particles, they would diffuse outward 
across the membrane, while the molecules of the solvent were diffusing 
in the opposite direction; this would be another example of the principle 
of independent diffusion. 

Osmosis, the diffusion of a solvent (not a solution) across a differen¬ 
tially permeable membrane, may be regarded as a special case of diffu¬ 
sion. Osmosis occurs whenever two solutions with a common solvent, in 
which the diffusion pressures of the solvent are different, are separated 
by a membrane more permeable to the solvent than to the solutes. In 
living organisms water is the only important solvent which moves by 
osmosis, hence the following discussion of this process will be in terms of 
water and aqueous solutions. 


Diffusion of the molecules or ions of a solute through a membrane is 
also a common phenomenon but occurs independently of the diffusion of 
the solvent molecules, in accordance with differences in the diffusion pres¬ 
sure of the solute, and seldom in amounts which are proportional to the 
diffusion oi the solvent. The term “osmosis” is sometimes applied to such 
a diffusion of a solute across a membrane; likewise it is sometimes ap¬ 
plied to the diffusion of a gas across a membrane. Historical considera¬ 
tions, however, give priority to osmosis as a term for the diffusion of a 
solvent across a membrane. Furthermore, certain aspects of this phe¬ 
nomenon are so distinctive that it is convenient to have a distinguishing 
term for it. 

Membranes and Permeability.—The distinctive aspects of osmosis as 
compared with other diffusion processes result largely from the presence 
nt the differentially permeable membrane. The concept of permeability 
is inseparable from the idea of a membrane. Permeability is a property 
o! the membrane, not of the substance which diffuses through it. Thin 
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layers or sheets of many different kinds of substances, such as rubber, 
parchment paper, collodion, cellophane, gelatin, and copper ferrocyanide, 
may serve as membranes. 

Some membranes are impermeable to all, or virtually all, substances; 
others allow all or most substances to diffuse through them with little 
impediment. Many biologically important membranes are of the type 
known as differentially permeable. Such membranes allow some sub¬ 
stances to pass through them much more readily than others. They may 
be, and often are, impermeable or vir¬ 
tually so to some substances, while 
others diffuse through them quite 
freely. Alternative but less desirable 
terms for differentially permeable are 
semi-permeable and selectively per¬ 
meable. 

The simplest kinds of membranes 
arc essentially molecular sieves. The 
pores of a given membrane of this 
type are such that micelles, molecules 
and ions below a certain size can dif¬ 
fuse through them, while those exceed¬ 
ing this size cannot pass through. 

Membranes of collodion, parchment 
paper, and copper ferrocyanide owe 
their differential permeability largely 
to their sieve-like properties. 

Some membranes are differen¬ 
tially permeable because certain sub¬ 
stances arc more soluble in them than 
others. The rubber balloon experi¬ 
ment described in Chap. V furnishes 
an example of such a membrane. Carbon dioxide gas is much more solu¬ 
ble in rubber than oxygen or nitrogen, hence a rubber membrane is much 
more permeable to carbon dioxide gas than to either of the othei two. 

Another example of a membrane of this type in operation can be seen 
in an experiment set up as in Fig. 20. A thin layer of water is introduced 
on top of a layer of chloroform in a test tube, the tube nearly filled with 
ether, and stoppered. A second tube is prepared in the same way except 
that xylene is substituted for the ether. After several days it will be ob¬ 
served that the level of the water layer in the first tube has risen, while 
in the second tube it has fallen, although the distance through which the 
layer moves is not as great in the second tube. In the first tube ether is 



ether xylene 



Fi<;. 20. Experimental arrange¬ 

ment for demonstrating the differ¬ 
ential permeability of a water mem¬ 
brane. 
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osmosing through the water membrane more rapidly than the chloroform; 
hence the volume of liquid below the membrane is increasing and the 
layer of water rises. In the second tube chloroform osmoses through the 
water membrane more rapidly than the xylene; hence the water layer 
falls in the tube. Much less chloroform osmoses in a given time through 
the water layer in the second tube than does ether in the first tube. Of 
these three compounds, ether is the most soluble in water, chloroform 
next most soluble, and xylene least soluble. Permeability of the water 
membrane to these three compounds is clearly correlated with their sol¬ 
ubility in w'ater. 

Diffusion Pressure of Liquids.—Like a gas, water or any other liquid may 
be considered to possess a diffusion pressure (Haldane, 1918), although 
the existence of such a physical quantity in liquids becomes apparent 
only under certain conditions as, for example, when a solvent and a solu¬ 
tion arc separated by a differentially permeable membrane. Diffusion 
pressure is the cause of diffusion, not its result. Just as gases have a 
pressure, whether or not any diffusion is occurring, so do liquids and 
solutes have a diffusion pressure, whether or not any diffusion is occurring. 

The onlv two factors which influence the diffusion pressure of pure 
% 

water are pressure and temperature. If pressure is imposed on water, as 
by a piston in a closed system, or by the confining effects of the walls of 
a closed osmometer or plant cell when the volume of the enclosed w f ater 
is expanding as a result of osmosis, the diffusion pressure of the confined 
water increases by the amount of the imposed pressure. If the imposed 
pressure is 8 atm., for example, the diffusion pressure of the water in¬ 
creases by 8 atm. Correspondingly, if water is subjected to a “negative 
pressure’’ (tension), its diffusion pressure decreases by the amount of 
the negative pressure. The effect of the imposed pressure on the diffusion 
pressure of the liquid is quantitatively the same whether the liquid is 
pure, or whether solutes are present. 

Although the diffusion pressure of a liquid is also theoretically affected 
by temperature, it is usually not necessary to consider this effect in 
evaluating the mechanism of the diffusion of water in plants (Chap. 
VIII). 

In an aqueous solution, however, the diffusion pressure of the water is 
influenced by still another factor, the proportion of solute particles (ions 
plus molecules) to solvent molecules. The greater this proportion, the less 
the diffusion pressure of the water. Within a wide range of concentra¬ 
tions (see later) of the solute molecules or ions, the diminution in diffu¬ 
sion pressure is closely proportional to the ratio of solute particles to 
solvent, molecules. 

Ideally all diffusion phenomena, including osmosis, should be inter- 
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preted on the basis of differences in diffusion pressures. Diffusion phe¬ 
nomena in gases can be readily analyzed in this way because gas pressures 
can usually be ascertained. The exact magnitudes of the diffusion pres¬ 


sures of liquids, on the other hand, cannot 
readily be measured. Hence use of this physi¬ 
cal concept in the quantitative interpretation 
of the diffusion of liquids is not feasible. It is 
usually possible, however, to measure quanti¬ 
tatively the amount by which the diffusion 
pressure of the water in a given solution is 
less than that of pure water at the same tem¬ 
perature and under atmospheric pressure. This 
quantity is called the diffusion-pressure defiat 
or pressure deficit (Meyer, 1945) and can be 
used in the interpretation of osmosis and other 
diffusion phenomena in which water molecules 
participate, even if we do not know the exact 
magnitude of the diffusion pressure of water. 
In this indirect manner it is possible to use the 
concept of diffusion pressure in the analysis 
of diffusion phenomena in liquids. 

Osmotic Pressure.—This term was originally 
employed to designate the maximum pressure 
which develops in a solution enclosed within 
an osmometer under certain ideal conditions. 
An osmometer is an apparatus for measuring 
the magnitude of osmotic pressures. If a ma¬ 
nometer or pressure gauge were inserted 
through the stopper of an apparatus set up as 
in Fig. 19, the arrangement would serve as a 



crude osmometer. Most precise measurements cter (shown in sectional 
of osmotic pressures (Pfeffer, 1877; Morse, view) with attached closed 

1914; Berkeley and Hartley, 1916, Frazer, ^ urf dcvelope j. 
1931) have been made with osmometers con- The lower part G f t he os- 

Btructed of cylindrically-shaped porous clay m0 meter is a porous clay 

cups (Fig. 21) in the pores of which have been cup in the walls of which 

precipitated differentially permeable mem- have been precipitated a 

branes of cupric ferrocyanide. The pressure ^ane^copp" ferro- 

developed is measured with a sensitive mer- cyanide, 

cury manometer or in other ways. The neces¬ 
sary ideal conditions, only attained under rigorous experimental condi¬ 
tions, arc that the membrane be permeable only to the solvent, that it >< 
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immersed in the pure solvent, and that the pressure equilibrium be at¬ 
tained without any appreciable dilution of the enclosed solution. The 
temperature of the experimental setup must also be controlled and re¬ 
corded, as the osmotic pressure of a solution is in part a function of its 

temperature. 

The term “osmotic pressure’' can be more usefully employed as an 
index of certain properties of a solution, rather than as a designation for 
an actual pressure which is attained only under certain seldom realized 
conditions. In part such a usage is a derivative one from the original 
usage described in the preceding paragraph. For example, a molal solu¬ 
tion of sucrose standing in a beaker may be designated as having an 
osmotic pressure of 27 atm. 1 at 25°C. Obviously this solution is not ex¬ 
erting an actual pressure of 27 atm., and this statement merely implies 
that it has certain properties and potentialities which will become ap¬ 
parent under particular circumstances. Such a statement regarding a 
solution is analogous to the statement that an idle electric motor has a 
rating of Vi horsepower; both statements are indices of potential rather 
than existing capacities. 

Used thus as an index, the osmotic pressure characterizes the solution 
in two ways. In the first place, it tells us that the maximum possible 
pressure which could be developed in that solution if it were permitted 
to come to equilibrium with pure water in an osmotic system at 25°C. 
is 27 atm. The osmotic pressure is thus a rating of the potential maximum 
pressure which can be developed in the solution as a result of osmosis. In 
the second place, osmotic pressure is an index of the diffusion-pressure 
deficit of the water in a solution insofar as this results from the presence 
of solutes. Commonly used synonyms for osmotic pressure in this index 
sense are osmotic concentration, osmotic value, osmotic potential , and 
osmotic power. 

Turgor Pressure. — Turgor pressure is the actual pressure which develops 
in a closed osmometer or plant cell as a result of osmosis or imbibition 
(see later!. Use of the term “osmotic pressure” in this sense should be 
avoided as it only leads to confusion. A given solution has a unique 
osmotic pressure a f a given temperature, but its turgor pressure is vari¬ 
able. Ordinarily the turgor pressure of a solution lies in the range be¬ 
tween zero and its osmotic pressure, but under certain conditions it may 
exceed the osmotic pressure, and under certain other conditions it may 
be negative in value (Chap. VIII). The turgor pressure prevailing within 
a solution is also exerted against the confining walls of the system. 

‘Osmotic pre-.tr o arc usually expressed in atmospheres. A better pressure unit is 
the bar vl.l. n represents a pressure of 1,000,000 dynes per square centimeter—one 
atmosphere equals 1.013 bars, or 1,013 millibars. 



QUANTITATIVE ASPECTS OF OSMOSIS 


87 


Quantitative Aspects of Osmosis.—Let us suppose that a solution with 
an osmotic pressure of 20 atm. completely fills an essentially inelastic 
membrane which is permeable only to water and is arranged like that 
shown in Fig. 19. Let us further suppose this membrane to be immersed 
in pure water, which has, of course, a zero osmotic pressure. Both the 
solution within, and the water without, the membrane are initially under 
atmospheric pressure only, the effect of which (equivalent to a turgor 
pressure of 1 atm.) is conventionally disregarded when all parts of the 
system are under atmospheric pressure. From the previous discussion it 
should be clear that the diffusion-pressure deficit of the water in the en¬ 
closed solution is 20 atm.; that of the water outside of the sac, zero. 
Water, therefore, osmoses across the membrane into the solution. The 
* entering water engenders a gradually increasing turgor pressure through¬ 
out the solution in the sac. Subjection of the water in this solution to 
such a pressure raises its diffusion pressure and hence lowers its diffusion- 
pressure deficit- An equivalent increase takes place in the diffusion pres¬ 
sure of the solutes present. A dynamic equilibrium will be attained when 
the turgor pressure of the internal solution reaches 20 atm. At this 
point the 20 atm. diffusion-pressure deficit which would otherwise result 


from the presence of solutes is offset by the 20 atm. turgor pressure and the 
diffusion-pressure deficit of the water in the solution is zero, which is the 
same as that of the pure water outside the membrane. A\ hen the diffu¬ 
sion-pressure deficit of the water on both sides of the membrane becomes 
equal, osmosis ceases, and the number of water molecules moving through 
the membrane in the inward direction will be the same as the number 
moving in the outward direction per unit of time. Since the membrane is 
assumed to be inelastic or nearly so, osmosis of only a very small amount 
of water into the solution is necessary to raise its turgor pressure to 20 


atm. Since there is virtually no dilution of the solution, its final osmotic 
pressure, for all practical purposes, is the same as its initial osmotic 
pressure. 

In living organisms water usually osmoses across a membrane from 
one solution to another, rather than from pure water into a solution. Let 
us consider, therefore, an analogous situation, exactly like that described 
above, except that the water on the outside of the membrane is replaced 
with a solution of 12 atm, osmotic pressure. Initially, before any turgor 
pressure develops, the diffusion-pressure deficit of the internal solution 
in this system is 20 atm.; that of the external solution, 12 atm. Water 
therefore osmoses across the membrane into the solution within the s-ac. 
As the turgor pressure of the internal solution increases, the diffusion- 
pressure deficit of the water in that solution decreases. When a turgor 
Pressure of 8 atm. has been attained, the diffusion-pressure deficit will 
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have decreased to 12 atm. which is the same as that of the external solu¬ 
tion. Dynamic equilibrium is thus attained in this particular system when 
the turgor pressure prevailing in the internal solution reaches 8 atm. 

In the foregoing discussion an inelastic membrane has been assumed. 
Many membranes, however, especially in living organisms, are elastic 
within limits. When the membrane is appreciably elastic, the further com¬ 
plication of shifts in the osmotic pressure of the internal solution during 
osmosis is introduced. Let us assume an osmotic system identical with 
that described in the preceding paragraph, except that the membrane is 
elastic enough to permit a 25 per cent increase in the volume of the in¬ 
ternal solution before a dynamic equilibrium is attained. As the internal 
solution increases in volume it becomes more dilute, i.e., less concen¬ 
trated. The osmotic pressure of a solution decreases with a diminution 
in its concentration (see later). If we assume a proportionate decrease 
in osmotic pressure with decrease in concentration, which would be strictly 
true only in certain kinds of solutions (see later), the final osmotic pres¬ 
sure in the internal solution would be 16 atm. (20 : X = 125 : 100). 
A turgor pressure of oniy 4 atm. would be required under these condi¬ 
tions to bring the water in the internal solution into dynamic equilibrium 
with that in the external solution which has an osmotic pressure of 12 
atm. In such a system the turgor pressure of the internal solution is in¬ 
creasing while its osmotic pressure is decreasing. The only difference in 
end result when the membrane is elastic is that the turgor pressure and 
osmotic pressure at dynamic equilibrium are somewhat less than they 
would be otherwise. If the volume of the external solution is large rela¬ 
tive to that of the internal solution, variations in the osmotic pressure 
of the former are usually negligible. 

It should be evident from the foregoing discussion that the diffusion- 
pressure deficit of the water in a solution is always equal to the osmotic 
pressure of the solution less the turgor pressure which prevails in it. This 
relation can he conveniently expressed in the simple equation: 

I). P. D. — (). P. — T. P. 

As applied to the initial diffusion-pressure deficits in the second example 
given above these equations would work out as follows: 

External solution: D. P. D. — 12 — 0 = 12 atm. 

Internal solution: D. P. D. = 20 — 0 = 20 atm. 

At dynamic equilibrium the diffusion-pressure deficit of this same ex¬ 
ternal solution is unchanged; that of the same internal solution is then 
calculated as follows: 


FACTORS INFLUENCING OSMOTIC PRESSURE 



D. P. D. = 20 — 8 = 12 atm. 


Factors Influencing the Osmotic Pressure of Solutions. —1. Concentra¬ 
tion .—Increase in the concentration of a solution invariably results in 
an increase in its osmotic pressure. If the solute is a non-electrolyte and 
its molecules do not acquire water of hydration (see later!, osmotic pres¬ 
sure is almost strictly proportional to molal concentration, x.e., to the 
proportion of solute to solvent molecules. The theoretical osmotic pres¬ 
sure of a one molal solution of such a solute is 22.4 atm. at 0°C. (van t 
Hoff, 1887). For various reasons, some of which are discussed later, 
experimentally determined values of osmotic pressures for many, but 
not all, substances deviate considerably from such theoretical values. 
Ethyl and methyl alcohol may be mentioned as examples of solutes for 
which the experimentally detennined values of osmotic pressure agree 
almost exactly with the theoretical values. For one-molal solutions the 
osmotic pressures for these two compounds are 22.51 and 22.88 atm., 
respectively (Jones, 1907). 

The figure 22.4 should be recognized as numerically the same as that 
for the number of liters occupied by one mol of a gas at standaid con¬ 
ditions (0°C.; 1 atm. pressure). If this gas be compressed to a volume 
of one liter, it will exert a pressure of 22.4 atm. (Boyle’s Law). In other 
words, the gas pressure of one mol of a gas confined in a volume of one 
liter and the osmotic pressure of a solution in which one mol of an un¬ 
hydrated, nondissociated solute is dissolved in 1000 g. of water at 0 C. 
are theoretically equal in value. This is one of the several analogies 
between osmotic pressure and gas pressure first pointed out b\ % an t 

Hoff in 1887. 

In solutions in which the solute is dissociated or hydrated, or both, in- 
crease in osmotic pressure is not proportionate with increase in molality. 

2. Ionization of the Solute Molecules .—Osmotic pressure is a colliga¬ 
te property, i.e., one which depends on the number of solute particles, 
regardless of kind, in proportion to the number of solvent particles in a 
solution. The same number of ions, or of solute molecules, or of co oi a 
micelles in a given weight of water will result in a system with the same 
osmotic pressure. Actually the concentrations of micelles in co oic a 
systems are usually so low that their influence on osmotic pressure is 
negligible or nearly so. If the solute is present as ions, either in part or 
entirely, the osmotic pressure will be greater than otherwise. an 
electrolyte such as NaCl were present at one molal concentration com¬ 
pletely in the form of free ions, the theoretical osmotic pressure of the 
elution would be 44.8 atm. The measured osmotic pressure of a one 
molal solution of NaCl is 42.7 atm. which indicates that a condition o 
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maximum ionic mobility is closely approached in such a solution. Solu¬ 
tions of all electrolytes have higher osmotic pressures than equimolal 
solutions of non-electrolytes. Because of interionic attractions, however, 
every individual ion in a solution of an electrolyte does not exert its 
full effect on the osmotic pressure of the solution. Only in electrolytes 
of the NaCl or KC1 type does the osmotic pressure, as a rule, even 
closely approach the value to be expected if every ion is exerting its full 
effect on this physical quantity. 

3. Hydration of the Solute Molecules .—We have previously seen 
(Chap. Ill) that the micelles of all hydrophilic sols are highly hydrated. 
In a somewhat similar fashion water molecules adhere to many kinds 
of solute molecules and ions. Water thus associated with the particles 
of a solute is called water of hydration. Different species of molecules 
and ions have different numbers of water molecules associated with 
them. Water molecules which are bound to solute particles as water of 
hydration are no longer effective as part of the solvent. In effect a solu¬ 
tion containing hydrated solute particles is more concentrated than its 
molality would indicate, and its osmotic pressure is correspondingly 
higher. A one molal solution of sucrose, for example, has an osmotic 
pressure of 24.83 atm. at 0°C. (Table 8) instead of the theoretical value 
of 22.4 atm. The higher than theoretical value for the osmotic pressure 
of a sucrose solution is believed to result from hydration of the sucrose 
molecules. One sucrose molecule binds six molecules of water of hydra¬ 
tion. Hence one mol of sucrose binds six mols of water. One thousand 
grams of water is equivalent to 55.5 mols of water (1000/18). Since the 
water of hydration is not free to act as a solvent, in effect the solution 
consists of 1 mol of sucrose dissolved in 49.5 mols of water. A simple 
calculation (22.4 x 55.5/49.5) yields the value 25.12 atm. as the theo¬ 
retical osmotic pressure of a one molal solution of sucrose if hydration 


TABLE 8—THE RELATION BETWEEN TEMPERATURE AND THE OSMOTIC PRESSURE OF 
A ONE MOLAL SOLUTION OF SUCROSE (DATA OF MORSE, I9I4) 


Temperature 

°c. 

Osmotic pressure 
atmospheres 

0. 

24.83 

10. 

25.69 

20. 

26.64 

30. . 

27.22 

40. . 

27.70 

So. 

28.21 

60. 

| 

28.37 

7 °. 

28.62 

80. 

• * * * * ♦•••••••• ••• «| 

28.82 
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of the molecules is taken into account, a value very close to the one 
obtained experimentally. 

4. Temperature .—As shown in Table 8 the osmotic pressure of a solu¬ 
tion increases with increase in temperature. For an ideal solution osmotic 
pressure is proportional to the absolute temperature, another respect in 
which its behavior parallels that of gas pressure (recall the “Law of 
Gay-Lussac”) - For a sucrose solution this relation does not hold rigidly, 
but is closely approximated, as can be shown by calculations based on 

the values in Table 8. 

The Measurement of Osmotic Pressures.—The osmotic pressure of a 
solution, as' such, can be measured only by the direct manometnc 
method. Precise results can be obtained by this method only at the 
cost of an elaborate technique and infinite precautions. Hence the actual 
number of measurements of osmotic pressures which have been made 
by this direct method are limited. As is well known there is a direct 
proportionality between the osmotic pressure, lowering of the vapor 
pressure, elevation of the boiling point, and depression of the freezing 
point of solutions. Hence osmotic pressures of solutions can be calculated 
from measurements of any one of these three physical quantities. Most 
frequently determinations are made of the depression of the freezing 
point of a solution, and its osmotic pressure calculated from this. Since 
the theoretical freezing point depression of a one molal solution of an 
unionized substance is 1.86°C., and the theoretical osmotic pressure of 
such a solution is 22.4 atm., an equation relating freezing point depres¬ 
sions and osmotic pressures is easily derived. If we let A represent the 
freezing point depression of a solution, its osmotic pressure (O.P.) may 

be calculated as follows: 


O.P. : 22.4 
1.86 O.P. 


O.P. = 


O.P. = 


A : 1.86 

22.4A 

22.4 

I86 A 

12.04A ! 


For example, a solution for which the determined freezing pomt depres¬ 
sion is 0.930 would have an osmotic pressure of 11.20 atm. 

0.930). This equation appears to be approximately correct over a w.de 
range of concentrations since deviations from the theoret.cal osmot.c 
pressures of solutions are accompanied by almost stnctly proportional 

useful for converting freezing point depressions into osmotic presanes. 
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deviations from their theoretical freezing-point depression values. This 
method is often called the cryoscopic method of determining osmotic 
pressures. The osmotic pressures as determined by this method are as a 

the freezing point temperature of the solution. 

Electro-osmosis.— Under certain conditions pure water will diffuse from 
one side of a membrane to the other under the influence of a difference 
of electrical potential, a process which is called electro-osmosis. When 
water is confined in a capillary glass tube, adsorption of OH (or 
HCO 3 -) ions imparts a negative charge to the walls of the tube. Ad¬ 
joining them is a layer of H+ ions equal in number to the adsorbed 
anions. In other words, ions become distributed as an electrical double 
layer just as they do around a colloidal particle (Fig. 22). 


+ 


Fir;. ‘22. Diagram to illustrate electro-osmosis. 

If a difference of electrical potential is present between the two ends 
of the tube, water will travel toward the negative electrode. The anions 
are firmly adsorbed by the walls of the tube and cannot move. The hy¬ 
drogen ions, however, arc free to move and migrate toward the cathode 
carrying the water, of which they are a part, along with them. In other 
words, the moving cations in the water glide past the stationary anions 
which adhere to the walls of the tube. Since many membranes are essen¬ 
tially porous in structure, conditions similar to those just described may 
exist in each capillary of the membrane, and electro-osmosis may occur 
through such membranes in essentially the same way that it occurs 
through tubes of small bore. Since differences of electrical potential are 
frequently present in living organisms it seems entirely probable that 
electro-osmotic flow of water occurs in living tissues. 
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DISCUSSION QUESTIONS 

1. A closed sac-like membrane, completely filled by a solution with an osmotic 

pressure of 27 atm., is immersed in a solution with an osmotic pressure o i 
atm. Assume the membrane to be permeable to water onl> an t . ia . v ? 
changes in the sac are negligible, i.e., that the membrane is essentia > in • 
What will the diffusion-pressure deficit of the internal solution be at equilibrium^ 
The osmotic pressure? The turgor pressure? Answer the same questions for an 
external solution with an osmotic pressure of 22 atm. One with an osmotic pres¬ 
sure of 30 atm. . . , « 79 °P What is 

2. The freezing point depression of a plant sap is found to be 3.72 C. What 

its osmotic pressure at 25°C.? 

3. The two arms of an open U-tube are separated by a membrane P eI ™ ea °^ 
only to water. A solution with an osmotic pressure of 15 atm. is P'^edm arm 
A, one with an osmotic pressure of 20 atm. in arm B. Whic y 

4. If the solution in arm B (question 3) is subjected to a pressure^ of 1C' ’ 

in which direction will water move? If a pressure of ^ * **** 1 « U 

the solution in each arm is subjected to a pressure of 8 a m.. 

5. When in a flaccid (turgorless) condition the vacuole of a gn.P 1 *" 

a volume of 8000^ and an osmotic pressure of 18 atm. If m its fu y * 
dition its volume is 1200V, what is its osmotic pressure? (Ass'ume soluti 
volume of solute is negligible and that there is no apprecia e c a g 

ciation.) , , n) 

Assuming 75 per cent dissociation and no hydration, w at is e mo 
concentration of a KC1 solution which exhibits an osmotic pressure of 22. 

at 0*C.? 
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7 . A closed elastic membrane filled with a 0.5 volume molar solution of sucrose 
is immersed in a beaker of water. After a time its volume is found to have 
doubled. Assuming that the membrane is permeable to water only, what will 
then be the osmotic pressure of the solution inside the membrane i 

8 . A closed, virtually inelastic membrane, permeable to water and glucose but 
not to sucrose, is completely filled with a sucrose solution of 6 atm. osmotic 
pressure and is immersed in a glucose solution of 9 atm. osmotic pressure. The 
volume of the solution inside the membrane is one-half that in the surrounding 
vessel. Disregarding solution volume effects, what will be the osmotic pressure, 
turgor pressure, and diffusion-pressure deficit of the solution inside the membrane 

at equilibrium? 


VII 


IMBIBITION 


If a handful of pea or bean seeds be dropped into water, within a few 

hours they will have swollen visibly. Seeds of any ° th « s P^ ’ n 
the coats are not impermeable to water behave in I ke fash.on when 
brought into contact with water. Many other mater,als w11 sueI n . 

similar way when immersed in water. Among these ^mi Iv when 
agar, gelatL, and kelp stipe. Some substances w.U swell nnh 
immersed in other liquids. All of these phenomena are examples o^the 

process called imbibition. The amount of wa er w 1C | 1 - we j g ht 

stances in imbibition is often very great in P_ ro P° ' on , example 
of the substance which swells. A piece of dr,ed kelp t,pe for example, 

can absorb as much as fifteen times its own we,g o 
Water may be imbibed as a vapor as well as m the bqmd -tatt. The 

swelling of doors and woodwork during damp weather * » ^ar e 
ample of this phenomenon. Plant structures, ,f sufficient y low in w ater 
content, also imbibe water-vapor. The water content of am-dry 
for example, generally fluctuates with the vapor p^ (Barton, 

phere, rising with an increase in vapor press , 

“The Dynamics of .mbibition.-Imbibition U usually %%£££ 

basically a diffusion process, but capillary p m inute sub- 

involved. Imbibing substances are ^^"ejne how much of 

microscopic capillaries, and >t is ™P° SS capillary movement 

the liquid enters by diffusion and how much by capma^ 

through invisible pores. Fundamentally, pressurc between the 

may be regarded as a difference in “imbibant.” As long 

liquid in the external medium and the \qn\ m imbibing 

as the latter is less than the former, movement of water 
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substance will continue. An equilibrium will be reached, as in diffusion 
or osmotic phenomena, only when the diffusion pressure of the water in 
the two parts of the system has attained the same value. 

A substance which imbibes water does not necessarily imbibe other 
liquids. Dry kelp stipe, for example, swells enormously when immersed 
in water, but does not swell when immersed in ether or other organic 
liquids. Contrariwise, a piece of rubber does not imbibe water, but does 
imbibe appreciable amounts of ether and other organic compounds when 
in contact with them in either the liquid or the vapor state. Obviously a 
difference in diffusion pressures between the liquid in an imbibant and 
in its surrounding medium is not the only requisite for the occurrence 
of imbibition. Certain specific attractive forces between the molecules of 
the imbibant and the imbibed liquid must also be present. In default of 
such specific attractions imbibition fails to occur, even if all other nec¬ 
essary conditions for the process are fulfilled. 

Since in living organisms water is the only liquid imbibed, the further 
discussion will disregard other types of imbibitional phenomena/ The 
physical relationship between the imbibed water and the imbibant is un¬ 
doubtedly a complex one. The bulk of the imbibed water in any system 
is probably adsorbed on the molecules or micelles which constitute the 
structural units of the imbibing material. The possible relations of ad¬ 
sorbed water to the adsorbing particles in colloidal systems have already 
been considered (Chap. III). There is good reason for believing that 
similar physical relations exist between the imbibed water and unit 
particles in an imbibant. Such water may be pictured as either actually 
in solution in the adsorbing particles, or as adsorbed as a “shell” of from 
one to many molecular layers in thickness on their surface. It is possible 
that either or both of these conditions obtain in many systems contain¬ 
ing imbibed water, but the second of these pictures appears to be more 
likely. It is also probable that a portion of the imbibed water enters and 
occupies minute submicroscopic capillaries which ramify among the com¬ 
ponent molecules or micelles of the imbibant. The result of imbibition is 
often the formation of a system which in its essential properties may be 
regarded as a gel. The physical status of the water in a system into which 
it has been imbibed and in an elastic gel is undoubtedly very similar. 
In fact, the imbibition of a dispersion medium by a dry substance is 
generally regarded as a method of gel formation. 

Volume Changes in Imbibition.—The volume of the imbibant always 
increases during imbibition. The final volume of the entire system (liquid 
+ imbibant) is always less, however, than the sum of the initial volumes 
of the liquid and the imbibing substance. In other words, a contraction 
in the volume of the system, liquid -j- imbibant, occurs during the 
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process of imbibition. This volume shrinkage is not principally a result 
of the occupancy of minute spaces within the substance of the imbibing 
material by the liquid, as might be surmised, although in some systems 
a part of the contraction in volume possibly may be accounted lor in 
this way. The explanation is undoubtedly to be ascribed to the fact that 
the adsorbed water molecules are definitely oriented in relation to the 
adsorbing surfaces, and hence occupy less space than when in the *ree 
state. This is equivalent to a compression of the adsorbed water so that 

its density is greater than that ot free water. 

Energy Relations of Imbibition.— The process of imbibition always re¬ 
sults in the release of heat. Liberation of heat during imbibition may be 
easily detected by allowing dry starch or some other material with a 
high imbibitional capacity to imbibe water while contained in a calorim¬ 
eter, and noting the change in temperature (Table 91. 


TAB I.E 9 —HEAT OF IMBIBITION OF DRY STARCH (DATA OF RODEWALD, 1897) 


Per cent water 
imbibed 

Heat evolved, 
g.-cal. per g. 
starch 

0.23 I 

28.II 

2.39 

22.60 

6.27 

1517 

11.65 

8-4 3 

15 . 6 s 

5.21 

19.52 

2.91 


The adsorption of water molecules which occurs when they are im¬ 
bibed results in a loss of a large part of their kinetic energy, wine 1 re¬ 
appears in the system as heat energy. The essential energy change in the 
process of imbibition is a loss of kinetic energy >> tie at sor ec L 
cules, and its transference to the other molecules ot the system. T it 

increased kinetic activity is the cause of the obsenct 11 st . 

ture. As shown in Table 9, the greatest evolution of heat accompanies 
the initial stages of imbibition. This is to be expected, as a. larger^ 
portion of the first molecules of water imbibed would be m . 

than of those which enter the imbibant later. 

The Effect of Temperature on Imbibition.-As shown in Fig. 23, the 

rate of imbibition increases with rise in temperature. 

Osmotic Effects on Imbibition-Water moves by nnb^t on mto a sub¬ 
stance only when its diffusion pressure exceeds >c water in- 

the water "in the imbibant. The introduction of a *( " “ 

variably has the effect, as already discussed, of reduemg the Affusion 
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pressure of the water in the resulting solution as compared with pure 
water. The osmotic pressure of a solution is a measure of its diffusion- 
pressure deficit, insofar as it results from the presence of solutes. Hence 
the magnitude of the osmotic pressure influences both the rate of im¬ 
bibition and the equilibrium water content of an imbibant. 

Shull (1916) used the seeds of cocklebur (Xanthium pennsylvamcum) 
as the imbibant in a comprehensive study of osmotic effects on imbibi¬ 
tion. Samples of seeds of this species were allowed to come to equilibrium 



Fig. 23. Relation between temperature and imbibition of water by Xanthium 

seeds. Data of Shull (1920). 

with solutions of sodium chloride and lithium chloride of different os¬ 
motic pressures, after which the amount of water which had been imbibed 
was determined (Table 10). The coats of these seeds are permeable to 
water, but virtually impermeable to these solutes. 

The general principle shown by the results of these experiments is 
that, with increase in the osmotic pressure of the solution in which the 
seeds are immersed, the amount of water held by imbibition per unit of 
dry weight at the equilibrium point decreases. Since at equilibrium the 
diffusion pressures of the water in the imbibing substance and in the sur¬ 
rounding liquid must be equal, the basis for this osmotic effect upon im¬ 
bibition is evident. If the diffusion pressure in the solution is relatively 
low (high osmotic pressure), the diffusion of less water into the imbibing 
substance is necessary to raise the diffusion pressure of the water in it 
to a value equal to the diffusion pressure of the water in the,circum- 
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ambient liquid than if the diffusion pressure in the surrounding liquid is 
high. The relation between the osmotic pressure and the amount of water 
imbibed is not, however, a strictly proportional one. At the lower end 
of the range of concentrations employed, an increase of a few atmos¬ 
pheres in osmotic pressure causes a decrease in the amount of water 
imbibed, in terms of the air dry weight of the seeds, of nearly 15 per 
cent. Near the upper end of this range of concentrations an increase in 
osmotic pressure of several hundred atmospheres is required for an 
equivalent change in the volume of water imbibed. This is further evi- 


TABLE IC^ IMBIBITION OF WATER BY COCKLEBUR SEEDS IMMERSED IN SOLUTIONS OF 

DIFFERENT OSMOTIC PRESSURES (DATA OF SHULL, I916) 


Volume molar concen¬ 
tration of solutions 


HjO 

o.I M NaCl 

o.l 

o-3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

1.0 

2.0 

4.0 

Sat. NaCl 
Sat. LiCl 


Osmotic pressure of 
solutions, atmos. 


0.0 

3-8 

7.6 

11 .4 
15.2 
I9.0 
22.8 

26.6 

30.4 
34-a 
18.0 
72.0 

130.0 

375 ° 

965.0 


Water imbibed by 
seeds at equilibrium 
(48 hours). Per cent 
of air dry weight 


51.58 

46.33 

45-5* 

42.05 

40.27 

38.98 

35 - 18 

3*- 8 5 

31.12 

29.79 

26.73 

18.55 

11.76 

6-35 
.29 


dence that the first increments of water passing into any 
held by tremendously greater forces than those which a 


imbibant are 
imbibed sub- 


"S'S... —- 'ZSSZ 

are often exerted by a swelling imbiban nuarried bv 

ner. Blocks of rock, for example, have been success* ly quamecby 

drilling holes along the desired cleavage planes, dnv ng t.ght fittmg 

wooden stakes into the holes, -d pounng s. Thepn ^ 

sure developed upon imbibition of the water y 

P The h iem 1 ‘ ; imbibition pressure” is best employed, “ 

designation for the actual pressures which develop g 
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but with a meaning analogous to that of “osmotic pressure,” as an index 
of certain properties of the imbibant. Used in this sense imbibition pres¬ 
sure is an index of ( 1 ) the potential maximum pressure which can 
develop in an imbibant as a result of imbibition, and ( 2 ) the diffusion- 
pressure deficit of the water in an imbibant as long as its free expansion 
is not impeded in any way. In a solution, the greater amount of water 
present in proportion to a given amount of solute, the less the osmotic 
pressure. Likewise, in an imbibant, the greater the amount of water 
present in proportion to a given amount of imbibing substance, the less 
the imbibition pressure. Air-dry pea seeds, for example, have a greater 
imbibition pressure than half-swollen pea seeds; pea seeds which have 
reached a condition of maximum swelling have an imbibition pressure 
of zero. 

The actual pressures which develop as a result of imbibition, like those 
which develop as a result of osmosis, can logically be termed turgor pres¬ 
sures. No turgor pressure develops in an unconfined imbibant any more 
than it does in an unconfined solution. Only when complete swelling is 
prevented, as by enclosure within an inelastic wall, does a turgor pres¬ 
sure develop within an imbibant^ 

Quantitative Aspects of Imbibition.—The diffusion-pressure deficit of 
the water in an imbibant is equal to the imbibition pressure less the 
turgor pressure just as in an osmotic system the diffusion-pressure deficit 
of the water is equal to the osmotic pressure less the turgor pressure. 
This relation is expressed in the following equation: 

I). I\ 1). = I. H. — T. P. 

Since no turgor pressure develops in an unconfined imbibant. for *ueh 
systems this equation simplifies to: 

I). P. D. = I. P. 

If an imbibant with an imbibition pressure of 100 atm. is immersed 
in pure water, the initial diffusion-pressure deficit of the water in the 
imbibant is 100 atm.; when equilibrium has been attained, the imbibition 
pressure and diffusion-pressure deficit of the water in the imbibant have 
both become zero. If such an imbibant is immersed in a solution with an 
osmotic pressure of 20 atm., when equilibrium has been attained both 
ih< imbibition pressure and the diffusion-pressure deficit of the water in 
the imbibant will be 20 atm. In unconfined imbibants equilibrium of the 
diffusion-pressure deficits of the water in them with the water in outside 
solutions occurs solely by adjustments in imbibition pressures. 
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closed in an inelastic, water permeable wall, and immersed in pure water 
the diffusion-pressure deficit of the water in the imbibant at equilibrium 
will be zero, not because of a decrease in imbibition pressure but because 
of the development of a turgor pressure of 100 atm. If a solution ot 20 
atm. osmotic pressure is substituted for the pure water outside of he 
imbibing system, then the diffusion-pressure deficit of the water in the 
imbibant at equilibrium will be 20 atm., again not because of a decrease 
in imbibition pressure, but because of the development of a turgor pres¬ 
sure of 80 atm. . , . . ,.. ... 

Measurement of Imbibition Pressures.-Thc magnitudes of imbibition 

pressures have been measured in two different ways, no me 10 ia 
been to counterbalance the pressure developed during lm » 1 ion )> 
of a mechanical pressure. Such a method was used by Rcinke as long ago 
as 1879. He stacked disks of dried fronds of Lammana (a sea weed . a 
hollow metal cylinder, and inserted above the disks a metal piston bear¬ 
ing a platform' at its upper end. Water was then brought in o ™ 
with the dry disks. By placing on the platform weights of just suffio.ent 
mass to prevent swelling of the kelp, the magnitude of the picssure de¬ 
veloped las measured. By this procedure there ,s measured in effec.^the 
magnitude of the turgor pressure which is equa " , ; n 

pressure, i.e., which keeps the diffusion-pressure e ei o ; ntQ 

the imbibant at zero and thus prevents any movemen 

^“•pressure can also he measured by an « 

necessary procedure is to find a solution in « m 1 10 * , 

deficit (osmotic pressure! is just great enough to proven, am mm,me,,, 

of water into the imbibant. The osmotic pressure of such.- 
equal to the imbibition pressure of the imbibant. This method,,m effect, 

results in the determination of the diffusion-pressure c o imbibition 

in the imbibant under such conditions that it is equal to the imbibition 

pressure, i.e., when there is no turgor picssurc. nnnroximatclv 

Imbibition pressures of air-dry seeds may he as high as approximate* 

1000 atm. (Table 10). 
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DISCUSSION QUESTIONS 

1. If an imbibant with an imbibition pressure of 100 atm. is immersed in a 
solution with an osmotic pressure of 35 atm., in which direction will water move? 
At equilibrium what will be the imbibition pressure of the imbibant? Diffusion- 
pressure deficit? Turgor pressure? 

2. An imbibant with an imbibition pressure of 20 atm. is enclosed within and 
completely fills an inelastic membrane which is permeable only to water. If this 
system is immersed in a solution with an osmotic pressure of 12 atm., what will 
1)0 the imbibition pressure of the imbibant at equilibrium? Diffusion-pressure 
deficit? Turgor pressure? 

3. Cacti and some other desert succulent species retain large quantities of 
water within their tissues even under conditions of prolonged and severe drought. 
It has been suggested that such plants possess this capacity because of the imbi- 
bitional capacity of hydrophilic colloids within the cells. IIow would you test this 
hypothesis? 

4. One surface of a block of 2 per cent agar gel is exposed to the atmosphere. 
How would the rate of evaporation of water from the gel compare with that 
from a free water surface of equal area under the same conditions during the 
first hour? After 48 hours? Explain. 

5. If a piece of dry kelp stipe is fastened to the base of a hydrometer which is 
then immersed in a vessel of water, the hydrometer sinks as the kelp sw’ells. 
Explain. 
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THE WATER RELATIONS 
OF PLANT CELLS 


The Membranes of Plant Cells.— The membranes of plant cells are much 
more complex in their structure and properties than the nonliving mem¬ 
branes previously discussed in Chap. VI. With very few exceptions the 
protoplasm of each plant cell is enclosed by a more or less rigid wall 
which acts as a membrane. Through this wall, which usually consists of 
several layers, each with a complex organization of its own, must pass 
all substances moving either into or out of a cell. In addition to the struc¬ 
ture of the wall itself, the role of the plasmodesms must be considered 
in accounting for the movement of substances from one cell to another. 
Lining the cell wall of all mature plant cells is a layer of cytoplasm. The 
cytoplasm, or parts thereof, constitutes a second layer through winch 
substances entering or leaving the vacuole of a cell must penetrate. Both 
theoretical considerations and experimentally observed facts support the 
view that the two limiting layers of cytoplasm possess different physio- 
chemical properties from the intervening cytoplasm and may be regarded 
as distinct membranes. The cytoplasmic membrane adjacent to the cell 
wall is called the plasmalemma; that enclosing the vacuole the tonoplast 
or vacuolar membrane. Since the boundaries between the cytoplasm and 
the cell wall and the cytoplasm and the vacuole constitute interfaces, 
certain protoplasmic ingredients probably become adsorbed there in 
greater concentrations than in the interior of the cytoplasm. For this 
reason alone the postulation that the cytoplasmic membranes possess 
different properties from the interior cytoplasm seems justified. 

Results from several types of experimental investigations support this 
hypothesis. The immiscibility of protoplasm with water, already dis- 

103 
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cussed, appears to result at least partly from the fact that protoplasm is 
coated with a layer of material which is insoluble in water. By means of 
micropipettes certain nontoxic dyes can be injected into the body of the 
cytoplasm through which they will spread rapidly. They do not, however, 
pass through either the plasmalemma or the tonoplast. Neither will they 
pass into the interior of the cytoplasm from a solution bathing the cell, 
nor from the vacuole if the latter is injected with the dye (Plowe, 1931). 
This is direct evidence that the constitution of the plasmalemma and the 
tonoplast is different from that of the intervening cytoplasm. The pres¬ 
ence of cytoplasmic membranes can also be demonstrated by the manip¬ 
ulation of living protoplasm with fine glass needles (Chambers and Hofler, 
1931). It has been found possible to withdraw a plasmolyzed protoplast 

(see later) from its cell wall and 
to strip off the protoplasm from 
the vacuole leaving the latter as a 
free-floating sac full of cell sap 
enclosed by a delicate membrane 
—the tonoplast (Fig. 24). Most 
evidence indicates that the tono¬ 
plast and probably also the plas¬ 
malemma are thin liquid films 
which are immiscible with water. 

A complete picture of the permeability of a cell to different compounds 
can be drawn only in terms of the permeability of both the cell wall and 
the cytoplasmic membranes. In entering a cell a substance must first 
pass through the various layers of the cell wall, thence in turn through 
the plasmalemma, the interior cytoplasm, and the tonoplast before reach¬ 
ing the vacuole. Although some investigators prefer to refer all perme¬ 
ability phenomena of plant cells to the cytoplasm as a whole, the evidence 
that the plasmalemma and the tonoplast exist as distinct membranes 
with the property of differential permeability must be regarded as very 
substantial. 

Permeability of Cell Membranes. —In general, cell walls composed of 
cellulose and pectic compounds, such as those in most parenchymatous 
tissues, are quite permeable to water and solutes. Water and solutes 
probably penetrate such walls through the hydrophilic intermicellnr ma¬ 
terial. Signified walls are also quite permeable to water and solutes, but 
cell walls in which suberin or cutin are present in appreciable quantities, 
on the other hand, arc less permeable both to water and solutes. 

In contrast with the walls of most parenchymatous cells, the cyto¬ 
plasmic membranes exhibit a high degree of differential permeability. 



NUCLEUS CYTOPLASM VACUOLE 


Fin. 24. Removal of the outer cyto¬ 
plasm from the tonoplast and vacuole of 
a plasmolyzed cell. Redrawn from Sei- 

friz (1928). 
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The term “cytoplasmic membranes'' is here employed in a loose sense to 
refer to the entire cytoplasmic system of membranes: plasmalemma plus 
interior cytoplasm plus tonoplast. Actually many substances entering 
plant cells are intercepted and utilized in one way or another in the 
cytoplasm, and do not diffuse in appreciable quantities through the tono¬ 
plast. Similarly compounds synthesized in the cytoplasm may pass out 
of the cell without crossing the tonoplast. Hence the plasmalemma ib 
often regarded as the most important unit in the cytoplasmic system of 
membranes. It should be realized, however, that substances can move 
from one cell to another, through the plasmodesms, without crossing the 


plasmalemma. ... 

Very few general statements can be made regarding the permeability 

of the cytoplasmic membranes to specific substances which will hold for 
all or even most plant cells. One such statement which can be made is 
that the cytoplasm is usually relatively permeable to water. This is 
also true for certain other small molecules, such as ammonia. Perme¬ 
ability of the cytoplasmic membranes to most solutes of physiological 
importance such as sugars, electrolytes, and ammo acids on the othe 
hand, appears to be very variable. Studies of many kinds of elh , fo> 
example indicate that their cytoplasmic membranes are relative!* im¬ 
permeable to sucrose and other sugars iBontc. 19341. The slo " nc “'' 1 '' 
which many kinds of plant cells recover from plasmolysis (see laterl in 
sugar solutions is also evidence of the relative impermeability of the 
cytoplasm to such compounds. Nevertheless, there is muchi mdirerI evi¬ 
dence that sugars often move into and out of many kinds of cells a 
relatively rapid rates. Similarly, although many permeability studies 
indicate the cytoplasmic membranes to be relatively impermeable to 
electrolytes, thly often penetrate relatively 

in an actively metabolizing condition (Chap. XXI\ ). 1 he proDame ex 

planation of these apparent discrepancies is that most studies of penne- 

ability have been made upon mature cells which hate lost most all 

their capacity for rapid absorption of electrolytes and sugars. 

The permeability of the cytoplasmic membranes to specific substance 

is therefore not a fixed property, but one which differs from one kind of 

cell to another and varies in the same cell with the age of the cell, the 

environmental conditions to which it is subjected, and other factors. Fur- 
environmental c . . af the cv toplasm is not merely 

thermore, there are man> ini • - times at 

iszsxrA'tz "zr- - - 
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tended is immersed in a hypertonic 1 solution of some substance to which 
the membranes are relatively impermeable, a characteristic series of 
changes takes place in the appearance of that cell. The first detectable 
occurrence is a gradual shrinkage in the volume of the entire cell as a 
result of outward osmosis. Consequently there is a reduction in the pres¬ 
sure exerted by the cell sap against the protoplasm and cell wall. This 
shrinkage in volume can be detected in many cells by measurement un¬ 
der a microscope, although there are some types of plant cells in which 
little change in volume occurs under such conditions. There is a lower 
limit to the elasticity of the cell wall, however, and when this is attained 
no further decrease in the volume of the cell will occur. Since the cell 



Fig. 25. Several common types of plasmolysis (diagrammatic). 


wall is quite freely permeable to the water and the solutes of the sur¬ 
rounding solution, and hence the hypertonic solution is in contact with 
the outer surface of the protoplast, the cell sap will continue to lose 
water by outward osmosis, just as if no cell wall were present. Hehce the 
protoplasm will continue to shrink in volume after the contraction of 
the cell wall has ceased. At this stage, therefore, the protoplasmic layer 
will begin to recede from the cell wall. If the hypertonic solution is 
strong enough, this separation of the protoplasm from the cell wall will 
become very pronounced. In some types of cells the protoplasm will “ball 
up into a more or less spherical mass within the cell. More often the 


is ’ole 1 ^ithThU” r a £ Ve “ 8olution ' “ ‘W- ‘he cell sap, a hypertonic solution 
isotnnJo^l!lV,r ■ 08m l 0t,c pressure than the reference solution. Similarly an 
sotomc solutjon is one with an osmotic pressure equal to that of the reference solu 
t.on, while a hypotonic solution is one of lesser osmotic pressure. re,ereDCe 8o1u - 
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shrunken protoplasm assumes other configurations as shown in Fig. 25. 
This phenomenon is called plasmolysis. The pattern followed by the 
shrinkage of the protoplasm in plasmolysis is more or less typical for 
each kind of cell, although it may he modified somewhat depending upon 
physiochemical conditions within the protoplasm and the kind of solute 
used in the plasmolyzing solution. The space between the cell wall and 
the protoplasm will he filled, after the separation of the latter from the 
wall, with the external solution. 


If a plasmolyzed cell is immersed in water, it will slowly recover and 
regain a turgid state as a result of osmotic movement of water into the 
vacuole. Similarly, if immersed in a solution hypotonic to the cell, sap 
recovery will also ensue, but the degree of turgiditv attained will he less 
than if the cell were immersed in pure water. Rapid “deplasmolysis,” 


however, results in the death of many kinds of plant cells (Iljin, 1934). 

Methods of Determining the Osmotic Pressures of Plant Cells and Tis¬ 


sues.—The plasmolytic method and the cryosopic method are in common 
use for determining the osmotic pressure of plant cells and tissues. Both 
methods have many limitations and neither is as accurate as might he 


desired. 

DeVries (1884) was the first to use the plasmolytic method which in 
principle is very simple. A series of solutions (usually of sucrose), graded 
according to volume molar concentration, is first prepared. The range 
of concentrations to he used depends upon the tissue to he studied. Com¬ 
parable strips or sections of the tissue arc then immersed in each solu¬ 
tion and left until an osmotic equilibrium is attained. After immersion 
in the solution the pieces of tissue are observed under a microscope. In 
the stronger solutions it will be found that all of the cells are severely 
plasmolyzed, while in the weaker ones little or no sign of plasmolysis 
can be detected. Somewhere in the series will be found a solution.in 
which about one-half of the cells are not plasmolyzed, and about one-half 
are more or less plasmolyzed. The average osmotic pressure in the cells 
of the tissue under investigation is considered to he equal to the osmotic 
pressure of the solution in which this condition obtains. 

The value obtained by the procedure just outlined is called the osmotic 
pressure at incipient plastnolysis. This value is often greater than the 
usual osmotic pressure of the cells since plasmolysis of many kinds of 
cells is preceded by a shrinkage in their total volume. A cell which has 
an osmotic pressure of 15 atm. at incipient plasmolysis might have had 
an osmotic pressure of (for example) 12 or 13 atm. in its naturally dis¬ 


tended state. 

Certain more precise methods of determining the osmotic pressure of 
cells by the plasmolytic method, which take into consideration their 
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volume changes, have also been devised. If incipient plasmolysis is de¬ 
termined to occur for cells of a certain tissue in a sucrose solution with 
a volume molar concentration of Mi, then the volume molar concentra¬ 
tion, M y of sucrose equivalent to that of the cell sap at its original vol¬ 
ume (i.e., before the shrinkage due to plasmolysis) is related to Mi by 
the following equation: 


in which T” and V, represent the volume of the cell in its original condi¬ 
tion, and at incipient plasmolysis, respectively. Having determined Mi . 
the corresponding molarity for the cell sap of the “normal'’ cell can he 
readily calculated. 

The practical difficulty of all such methods is in measuring accurately 
the volume changes which occur in cells during plasmolysis. The usual 
practice is to measure the change in the length (sometimes also in the 
breadth) and to assume that such measurements are proportional to the 
change in volume of the cell. For some types of cells this assumption is 
probably valid, but with others it may result in serious errors. 

Formerly solutions of a number of different compounds, including cer¬ 
tain electrolytes, were used in plasmolytic determinations, but at the 
present time sucrose solutions are almost universally employed. They 
are preferred because: (1) sucrose is apparently nontoxic to the proto¬ 
plasm, (2) it does not penetrate into many plant cells at a very appreci¬ 
able rate (Hbflcr, 1926), (3) it apparently has little or no influence on 
membrane permeability, and (41 the exact osmotic pressures of different 
molar concentrations of sucrose are known with greater accuracy than 
for most other solutions. 

The principle of the cryoscopic method for determining osmotic pres¬ 
sures has already been described in Chap. VI. Briefly, as usually applied 
to plants, the method consists in expressing the juice from a sample of 
plant tissue and determining its freezing-point depression with a suitable 
thermometer- or a thermocouple system (Chap. XI). The osmotic pres¬ 
sure can then be calculated from the freezing-point depression by the 
usual equation. 

It. has been found to be impossible to obtain homogeneous samples of 
sap from plant tissues unless they are first treated in such a way as to 
kill the cells. Consequently the tissue is usually first subjected to freez¬ 
ing, heating, grinding, or exposure to toxic vapors before the sap is ex¬ 
pressed. 

Doubtless the expression under high pressure of the sap from tissues 

J A Ilnidenhnin or Beckmann thermometer is prnerallv used. 
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which have previously been subjected to such treatments has a modifying 
effect upon the properties of the expressed sap of most tissues as com¬ 
pared with the original cell sap. Furthermore the sap obtained repre¬ 
sents a mixture of contributions from all of the cells-living and dead 
—in the tissues. At the best, determinations of osmotic pressure made on 
such saps can represent no more than an average of the osmotic pressures 
of all the cells in the tissuA In spite of the possibility of a considerable 
modification in the properties of the sap inherent in this method, there 
is probably a consistent correlation between values obtained m this way 
and the mean osmotic pressure of the cell sap ot the cells in a tissue. 

Magnitude of the Osmotic Pressures in Plant Cells— In many discus¬ 
sions of the osmotic pressure of plant cells no distinction is made between 
the “osmotic pressure of the cells at incipient plasmolysis and heir 
osmotic pressure under more or less turgid conditions. W hen the teiin 
osmotic pressure is employed without qualification it can be assumed to 
refer to the osmetic pressure of cells in their usual distended condition. 
It is generally considered that the results ot determinations by the mo- 
scopic method represent approximately the osmotic pressure of the cells 

in this condition. , .. . . 

Different organs or tissues of the same plant may exhibit a wide range 

of osmotic pressures. Even similar organs on the same plant^leaves, for 

example—mav vary considerably among themselves in the average os- 

lnotic pressure of their cells. Furthermore the tissues within the same 

organ usually show a considerable variation in osmotic procure,. Tire 

mesophyll cells of most leaves, for example, show higher rallies than 

the epidermal cells. 

In general, the osmotic pressures of the plant cells and tissues o the 
mesic species of North America vary in their extreme range from a ac¬ 
tion of an atmosphere to about 50 atm. Most of the values lie, of c.mise 
within a narrower part of this range, probably within the limits of a 4 
to 30 atm. span of values. The osmotic pressure of a given plant cel or 
tissue is by no means a fixed quantity, but often fluctuates console ah >. 
More or less regular daily or seasonal variations occur in the osmotic 
pressures of many kinds of plant cells or tissues (( hap. \\ >■ 

Factors Influencing the Osmotic Pressures of Plant Cells.— Any facto, 
which influences either the water content of a plant cell or the so'ute' con¬ 
tent of its cell sap will have an effect on the magnitude o the o , ot u 
pressure of that plant cell. The water content of the plant as . whole, 
and hence of its constituent cells, is controlled principally by the reln- 

• I, should perhaps be I ,h»t 

posaeas moaning only in the son^e ot wit * 

posing that tissue. 
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tive rates of transpiration and the absorption of water (Chap. XV). The 
latter process is influenced very markedly by the water content and 
other conditions prevailing in the soil. Individuals of the same species 
invariably have a higher osmotic pressure when growing under drought 
conditions than when provided with a favorable water supply (Table 11, 
Fig. 72). This is at least partially a result of the relatively lower wate 
content of the leaves which obtains when the available soil water supply 
becomes low. Other factors which are also probably involved are a de¬ 
crease in the growth rate of the plant which often permits an accumula¬ 
tion of mineral salts and soluble foods, and a shift of the starch «=* soluble 
carbohydrates equilibrium toward the side of the soluble carbohydrates 
(Chap. XX). 

TABLE ! 1 — THE EFFECTS OF DIFFERENT SOIL WATER CONTENTS UPON THE OSMOTIC PRESSURB 

OF MAIZE PLANTS (DATA OF HIBBARD AND HARRINCTON, 1 9 1 6 ) 


Water content of 
soil. Per cent dry 
weight 

Osmotic pressure 
of tops 

Osmotic pressure 
of roots 

31 per cent 

2 3 

16 

14 

13 

11 

22.06 atmos. 

23 08 

U - 3 6 

25.04 

* 5-47 

26.48 

5.91 atmos. 

7 -*3 

7-79 

9.24 

11 34 

11.98 


The solute content of the cell sap is controlled by the specific metabolic 
processes of the plant and by the absorption of mineral salts by the plant 
from its environment. The rate of photosynthesis is an important factor 
in determining the osmotic pressure of plant cells, particularly those of 
leaf tissues. The influence of the inherent metabolic processes of any 
species upon the kinds and concentrations of various types of soluble 
organic compounds produced, such as simple carbohydrates, organic acids, 
and amino acids has an important effect on the magnitude of the osmotic 
pressure in any species. Metabolic conditions and their effects upon os¬ 
motic pressures may also be altered by environmental conditions. A well- 
known example of this is the difference in the osmotic pressures of sun 
and shade leaves on the same plant. The former almost invariably has 
the higher osmotic pressure, presumably at least in part as a result of 
their greater photosynthetic activity. 

The mineral salts which contribute to the osmotic pressures of plant 
cells are all absorbed from the soil or in aquatic species from the water 
in which part or all of the plant is immersed. Different species of plants 
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vary greatly in their toleration of high concentrations of mineral salts 
in the soil. All species can become adjusted, within limits, to a change 
in the mineral-salt content of the substratum. This adjustment takes 
the form of an increase in the osmotic pressure of the plant with an in¬ 
crease in the osmotic pressure of the medium from which it obtains its 

mineral salts (Table 12). . ... 

Other tissues of plants also show an increase in osmotic pressure *ith 

increase in the osmotic pressure of the soil solution, but such increases 

are generally most pronounced in the roots. *• 

Species indigenous to saline soils usually have relatively high osmotic 

pressures. Such soils are rich in soluble salts, and the high osmotic pres¬ 
sures found in species native to such soils result from the absorption of 
relatively large quantities of mineral salts. In fact, the highest recorded 
osmotic pressure for any species of plant-202.5 atm.-was found m 
the saltbush (Atriplex conjertifolia ), a saline soil species (Harris, 1934). 


TABLE 


THE ETTECT OT THE OSMOTIC ..!«»■ OF THE SOIL SOLUTION UPON THE OSMOTIC 

ROOTS OF MAIZE (DATA OF MC COOL AND MILLAR, * 9 * 7 > 


Osmotic pressure of 
soil solution 

Osmotic pressure of sap 
from root cells 

i.li atm. 

4.59 atm. 

1.99 

5.48 

3 - 3 8 

6.61 

4.96 

7 - 5 * 

7.22 

8.19 


Salt marsh plants also generally have relatively high osmotic 

This is also a correlation with the relatively high salt content of the sub 

stratum Except in halophytes, however, a larger proportion of 

motl pressure^! most kinds of plant cells results from the presence oi 

organic solutes than of mineral salts. Root cells are more likely to prove 

exceptions to this last statement than cells in the aerial orga™- 

The Osmotic Quantities of Plant Cells.-Let us suppose three similar 
plant cells, each in a state of incipient plasmolysis with a aero tur- 
‘ pressure), and each with a cell sap osmotic pressure of 10 atm., to 

.l. »* p» 

(F«. W. TM .1 0-IRnH M £*£ 

cell is immersed is assumed to be very large in proportion to the volum 
° f In "order to simplify the discussion, certain assumptions will be made 
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regarding these cells and, unless stated to the contrary, regarding all 
other cells discussed in the remainder of this chapter. These assumptions 
are: (1) the cells are at the same temperature, (2) the cytoplasmic mem¬ 
branes are permeable only to water while the cell walls are permeable 
to both water and solutes, (3) the walls of all the cells are equally elas¬ 
tic, and (4) volume changes in the cells are so small that any resulting 
effects upon the osmotic pressure of the cell sap are negligible and can 
be disregarded. A review of the discussion of the quantitative aspects 
of osmosis in physical systems (Chap. VI) will be helpful in following 
the ensuing closely analogous discussion with respect to cells. 
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Fig. 20. Similar cells immersed in solutions of different, osmotic pressures. 

Osmosis of water into cell A begins immediately upon its immersion, 
because the diffusion-pressure deficit of the water in the cell sap is 10 
atm. and that of the surrounding water is zero. The entrance of water 
into the cell results in a gradually increasing turgor pressure within the 
cell, just as it does in an osmometer. This pressure not only prevails 
within the water mass, but is also exerted against the protoplasmic layer 
and, in turn, against the cell wall. The increase in turgor pressure there¬ 
fore results in a gradual distension of the cell. Imposition of a pressure 
of 10 atm. on the water in the cell sap will increase its diffusion pressure 
by 10 atm. Since the initial diffusion-pressure deficit of the water in the 
cell sap was 10 atm., imposition of a 10-atm. turgor pressure reduces its 
diffusion-pressure deficit to zero. This is also the diffusion-pressure defi¬ 
cit of the surrounding water; hence a dynamic equilibrium is attained 
"hen the turgor pressure in the cell sap reaches 10 atm. 

I he diffusion-pressure deficit of the water in the cell sap of cell B is 
10 atm., that of the water in the surrounding solution 6 atm. Hence there 
will he a net inward movement ot water into the cell. A turgor pressure 
thus develops within the cell, but at its maximum under these conditions 
it will attain a value of only 4 atm. Since the initial diffusion-pressure 
deficit of the water in the cell sap was 10 atm., imposition of a turgor 
pressure ot 4 atm. reduces this to G atm. which is the diffusion-pressure 
deficit ot the water in the surrounding solution. Hence the attainment 
of a turgor pressure of only 4 atm. results under these conditions in an 
osmotic equilibrium. Since the magnitude of the turgor pressure devel- 
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oped in cell B will be less than in cell A, the latter cell will be more dis¬ 
tended than the former. . 

Cell C will remain, according to the conditions prescribed for this 

experiment, in a state of incipient plasmolysis. The diffusion-pressure 
deficit of the water in the cell sap and in the solution are equal (i.e., their 
osmotic pressure are equal and neither is under any pressure, except, 
of course, atmospheric pressures); hence a dynamic equilibrium will be 
established as soon as the cell is immersed in the solution. Since there is 
no net movement of water into the cell no turgor pressure will develop, 
a condition which will obtain in all plant cells in the condition of incipi¬ 
ent plasmolysis. . , 

In cells A and B a dynamic equilibrium has been attained by an ad- 

justment of the diffusion-pressure deficit of the water in the cell sap until 
it is equal to that of the water in the surrounding liquid. This adjust¬ 
ment was attained in each of these cells by a shift in the magnitu e o 
the turgor pressure, which is one of the two components determining the 
diffusion-pressure deficit of the water in the cell sap, the other being the 
osmotic pressure. In cell C no shift in the magnitude of t e turgor pres 
sure occurred, because the diffusion-pressure deficit w as ini la > ie 
same in the cell sap and in the solution. Unlike a solution exposed to 
the atmosphere, the diffusion-pressure deficit of a cell is not equal to its 
osmotic pressure except when the turgor pressure o t ie ce is zero, 
term “diffusion-pressure deficit of a cell” should be considered as an ab¬ 
breviation for “diffusion-pressure deficit of the water in the cell sap. 

The interrelationships among the osmotic pressure, turgor Pressure 
and diffusion-pressure deficit of a plant cell should be further clarified 
by a study of Fig. 27. This diagram also takes into account the influence 
of volume changes in the cell upon these physical quantities In the in¬ 
terests of simplicity the effects of such volume changes upon the osmotic 
quantities of the cell have been disregarded in the discussion up to th 
point. When the cell is completely flaccid (relative vdume = 1 °), s 
diffusion-pressure deficit is equal to its osmotic pressure a m. 
its turgor pressure is zero. As the volume of the ce increases, as * 
of influx of water, the osmotic pressure decreases ecause o ie 
of the cell sap. The pattern of the change in magnitude of the turgor 
pressure with increase in cell volume is not the same in a in ’ 

but often follows a trend such as that shown in Fig. 27 -T he fusion- 
pressure deficit, being equal to the difference c ween ® ° s 
turgor pressures, shows a progressive decrease as the turgid'ty0thei cell 

increases. When the cell attains a condition of maximum turg y 
tive volume = 1.5), its turgor pressure is equal to its osmotic pressure 

while its diffusion-pressure deficit has fallen to zero. 
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The dotted extension of the line for turgor pressure to the left indicates 
that it sometimes has a negative value. Conditions under which this may 
occur are discussed shortly. The diffusion-pressure deficit of a cell in 
which the turgor pressure is negative is greater than its osmotic pressure. 

In many tvpes of cells volume changes are much less marked than 
indicated in this figure, and hence they can often be disregarded in gen- 



Fkj. 27. Interrelationships among the osmotic pressure, turgor pressure, diffu¬ 
sion-pressure deficit, and cell volume of a plant cell. Based on data of Hofler 

(1920). 

eralized considerations of the water relations of plant cells. In some 
species many of the cells have walls which are virtually inelastic. This 
is especially true of the tissues of xerophytes and some water plants 
(Ernest, 1934b). 

The fundamental interrelation between the osmotic pressure, turgor 
pressure, and diffusion-pressure deficit of a plant cell is the same as for 
an osmometer and is expressed bv the same equation: 

D. P. D. = O. P. — T. P. 

The quantity to which the name “diffusion-pressure deficit” has been 
given in this discussion has been variously termed by writers in the field 
of plant physiology (Ursprung, 1935; Meyer, 1945). The more commonly 
used synonyms for this term are “pressure deficit,” “turgor deficit,” “net 
osmotic pressure,” “suction force,” and “suction tension.” 

The osmotic pressure, diffusion-pressure deficit, and turgor pressure 
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are collectively called the osmotic quantities of plant cells. As previous 
discussion has shown, a full evaluation of these quantit.es also requires 

a consideration of the volume changes of plant cells. 

In plant tissues many of the cells are under a pressure imposed upon 
them by the surrounding cells. In addition to its own turgor pressure the 
water in such a cell is also subjected to this pressure of external origin. 
This pressure is just as much a factor in determining the diffusion-pres¬ 
sure deficit of a cell as its own turgor pressure. The true diffusion-pressure 
deficit of such a cell is therefore less than that of the cell eons.dered as 
an individual unit by the amount of this added pressure. Hence the qua 
tion representing the factors determining the diffusion-pressure de 
of a cell under such conditions becomes: 

■j} p __ Q p _T, p.- Pressure exerted by surrounding cell^ 

The water in the vessels and cells of plants frequently passes into a 
state of tension. Imposition of a pressure from an e^rna source nus s 
the diffusion pressure of water. Imposition of a tension, wh h . in effe 
a negative pressure has precisely the opposite effect. In cells and 'e el 

if the enclosed water shrinks in volume to such a 

pit “at the encompassing protoplasm and cell walls are P^ed mward 
as a result of adhesion between the walls and water. The resulting 
counter pull exerted by the walls on the water results in throwing it into 
a stato P f tension. Under such conditions the turgor P™ is "cgaUve 
in value (Fig 27), and the tension (negative pressure) developed within 
the water will be equal to the negative turgor pressu^The equaUon 
the diffusion-pressure deficit of a cell under such conditions becomes. 

D . p. D. = 0. P. — (-T. P I 

In other words the fhe osnTticVress^rc plus 

vessel when subjected to a tension is i 

the tension (negative pressure) impose f °w a ter in Plants.—In order to 

Dynamics af the Osmotic Movement of Water in Plants^ ^ q{ 

simplify this part of the discussion, c anges ^ 0 h o wn in Fig. 

the cell sap resulting from volume changes^ , e h to 

27, will again be disregarded, as usual* these am J of p]ant 

modify seriously any generalised picture oi tne wa 

'tt us imagine a certain cell <*) " JonT^t^havl In 

alturgor pressure of 2 atm. Let us fur- 
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ther suppose that these two cells can be brought into such intimate con¬ 
tact that osmotic movement of water can occur from one to the other 

(Fig. 28). 

The water in the cell sap of X would have a diffusion-pressure deficit 
of 12 atm. were it under no pressure. The turgor pressure of 6 atm., how¬ 
ever, reduces the diffusion-pressure deficit of the water in the cell sap 
to 6 atm. Similarly the water in the vacuole of cell Z would have a dif¬ 
fusion-pressure deficit of 10 atm. were it not also influenced by the tur¬ 
gor pressure of 2 atm. Hence the diffusion-pressure deficit of cell Z is 8 
atm. The diffusion-pressure deficit of cell X is therefore less than that 
of cell Z. Water will, therefore, osmose from cell X to cell Z. Water will 
continue to show a net movement from X to Z until the diffusion-pressure 

deficits of the two cells are equal. 
In the movement of water from 
cell to cell in plants, it is the 
diffusion-pressure deficits and not 
the osmotic pressures which tend 
to equilibrate. This is only a spe¬ 
cial aspect of the fundamental 
tendency of the diffusion-pressure 
of water to attain a uniform value 
throughout any system. It is by 
no means impossible, therefore, for water to move from a cell of higher 
to one of lower osmotic pressure. 

After a dynamic equilibrium has been established between two cells 
their diffusion-pressure deficits will seldom be an exact average of their 
initial diffusion-pressure deficits. The only general statement which can 
be made is that, at equilibrium, the diffusion-pressure deficits of the two 
cells will be equal, and this value will lie somewhere between the two 
original values of the cells. 

Whenever the diffusion-pressure deficits of two adjacent cells are dis¬ 
similar, a diflusion-pressure-deficit gradient exists between them. Move¬ 
ment of water from one cell to another can occur only when such a gra¬ 
dient. exists. Other conditions being equal, the “steeper” this gradient, 
i.e., the greater the difference in diffusion-pressure deficits, the more rap¬ 
idly one cell will gain water from the other. The term “diffusion-pressure 
deficit gradient” can also be applied to a chain of cells in which the dif¬ 
fusion-pressure deficit increases serially from cell to cell. Several examples 
of such gradients are discussed in subsequent chapters. 

The diffusion-pressure of water is influenced by temperature, although 
for small temperature differences the magnitude of this effect is not great. 
If two adjacent plant cells were to be maintained at different tempera- 
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Fic. 28. Diagram of two adjacent colls 
used in explanation of the mechanism 
of the cell-to-cell movement of water. 



MEASURING DIFFUSION-PRESSURE DEFICITS * 

lures, theoretically this would have an effect on the rate or direction of 
osmosis. Actually, however, under the thermal conditions ordinarily 
prevailing in plants, this effect is so slight that it can be disregarded 

(Curtis, 1937). .. . . D1 r 

Methods of Measuring the Diffusion-Pressure Deficit of P ant Cells 

Most methods of measuring this quantity are based on the principle 
previously discussed, that if a cell is immersed in a solution with an 
osmotic pressure equal to the diffusion-pressure deficit of the “>'■ a 
dynamic equilibrium is immediately established, and no change will occur 
in the volume of the cell because no net movement of water takes place. 
In solutions with a higher osmotic pressure than the diffusion-pressure 
deficit of the cell it will decrease in volume; in solutions of loner osmotic 
pressure than its diffusion-pressure deficit it will increase in volume. 

The “simplified method” of measuring diffusion-pressure deficits in¬ 
troduced by Ursprung (1923), has been one of the most widely used. In 
this method narrow strips of tissue are cut from such structures as thin 
leaves or petals. The length of each strip is immediately measured under 
the microscope, usually while mounted in paraffin oil. Several stnps are 
then immersed in each of a graded series of sucrose solutions m ^ w hich 
they are allowed to remain until an equilibrium has been attained m 
each solution, after which their lengths are measured. The osmotic pres¬ 
sure of the solution in which no change in the length of the stnps occur, 
is considered to equal the average diffusion-pressure deficit of the - 

m For ^measurement of the average diffusion-pressure deficit of the 
cells in bulky tissues such as potato tubers, masses of issue such^ cy n 
ders of approximately equal dimensions can be employed The eqmhb 
rium point can be determined by measuring changes either m the weigh 
or the volume of the cylinder (Meyer and Wallace 941h The sotatmn 
in which the cylinder neither gains nor loses weight (or volume is con¬ 
sidered to have an osmotic pressure equal to the average diffus.on-pres- 

sure deficit of the cells in the cylinder. , , , :l j 

Determinations of diffusion-pressure defic. s by the methods dcscnb 'd 
above should not be confused with plasmoly ic determ nations of the 

o ^ niont ppI k In the latter type of determination the 
osmotic pressures of ( P>“‘ „ ressure of the solution with which 

cntical measurement is the osmotic pres 

the cells come to an equilibrium without any turgor pressure, ,.e at 
incipient plasmolysis. In diffusion-pressure-deficit determinations the 
critical measurement is the osmotic pressure of the solution with which 
the cells come to equilibrium without any change ,n heir taugorjpr» 
sure, i.e., without any change in the volume of the cells. On Y 
cell is initially in a completely flaccid condition will determinations of 
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its osmotic pressure and its diffusion-pressure deficit result in the same 
values. 

All of the methods of measuring the diffusion-pressure deficits of plant 
cells are subject to most of the flaws which are also inherent in plasmo- 
lytic determinations of osmotic pressure, as well as some other serious 
errors (Ernest, 1931, 1934a). Except possibly for a few types of cells 
which are especially well adapted to such measurements, it is doubtful if 
the values obtained in determinations of diffusion-pressure deficits are 
ever more than fair approximations of the true values which obtain in 

plant cells. 

The turgor pressure of a cell cannot be determined directly. However, 
if the osmotic pressure of a cell or group of cells has been determined, 
and likewise the diffusion-pressure deficit, the turgor pressure can be cal¬ 
culated from the equations given earlier in the chapter. 

The Imbibitional Mechanism of the Movement of Water.—In the preced¬ 
ing discussion, plant cells have been considered purely as osmotic sys¬ 
tems. There is no doubt that the osmotic mechanism of the cell-to-cell 
translocation of Water exists and operates in most if not all kinds of plant 
cells. Certain of the movements of water which occur in plants, how¬ 
ever, result from the operation of an imbibitional rather than an osmotic 
mechanism. As discussed in Chap. VII, whenever the diffusion-pressure 
deficit of water is greater in an imbibant than in a contiguous solution, 
water moves from the solution into the imbibant and vice versa. 

Not only does water pass into dry, mature seeds by imbibition as the 
first step in germination, but there is evidence that water moves by this 
process into ovules which are ripening into seeds in the ovulary. During 
the latter stages of the development of seeds in the cotton'boll, for ex¬ 
ample, their diffusion-pressure deficits exceed their osmotic pressures. 
This indicates that an osmotic mechanism does not adequately account 
for the movement of water into the maturing seeds during this period 
(Kerr and Anderson, 1944). Since no evidence could be found for the 
existence of a metaholically activated mechanism of water absorption 
(see later), the most probable explanation of these results is that the 
diffusion-pressure deficits of maturing cotton seeds are largely imbibi¬ 
tional in origin. It seems likely that imbibition plays a proportionately 
large role in the movement of water into' many other young, actively 
growing tissues. Other examples of the imbibitional absorption of water 
can be seen in certain species native to semi-desert regions, such as the 
resurrection plant (Selaqinella lepidophi/lla) or in species such as many 
kinds of lichens which are indigenous to locally dry habitats such as 
sun-swept cliffs. Such species may become air-dry during periods of 
drought, but rapidly imbibe water and resume their physiological activi- 
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ties upon the advent of rain. At least some species of lichens readily im¬ 
bibe water-vapor as well as liquid water (Scofield and barman, 1943 k 
W ithin a plant cell the cell sap, the water in the protoplasm, and the 
water in the cell wall may each be regarded as possessing a diffusion- 
pressure deficit of its own. The diffusion-pressure deficit of the cell wall 
is largely of imbibitional origin, and that of the protoplasm partly so. 
If, for example, the diffusion-pressure deficit of the walls of a mesophyll 
cell is increased as a result of evaporation during transpirational water 
loss, water diffuses into the walls from the protoplasm and, in turn, from 
the cell sap into the protoplasm as long as the diffusion-pressure deficit 
of the wall exceeds that of the cell sap. In cells in which vacuoles are 
very small or lacking, or in which the interior of the cell is occupied by 
hydrophilic colloidal substances, imbibitional phenomena undoubtedly 
play a greater proportionate role in the movement of water than in cells 

with prominent vacuoles. 

Possible Metabolic Mechanisms of the Movement of Water in Plants.— 

The osmotic and imbibitional mechanisms may not be the only ones which 
play a role in the movement of water from cell to cell in plants or from 
the external environment into plant cells. A number of investigator* 
have suggested that metabolic mechanisms may also be involved, it usu¬ 
ally being implied that the energy of respiration is utilized in the trans¬ 
port of water molecules across cell membranes. 

Much of the evidence which has been advanced in support of such an 
hypothesis is highly indirect or otherwise unconvincing. Kelly (1947) 
however, has shown that a close correlation exists between the rate of 
respiration and rate of water intake in the oat coleoptile. It has also 
been shown that certain inhibitors of respiratory enzymes retard water 
intake by potato tuber tissue (Hackett and Thimann, 1950). The dem¬ 
onstration that auxins accelerate water absorption by potato tuber and 
other tissues when immersed in pure water (Reinders, 1942; Van Over- 
beek, 1944* Kelly, 1947) has also been considered to be evidence for the 
existence of such a mechanism. Auxins are one t\ pe of plant hormone 
(Chap. XXVIII) and are known to influence respiration rates (Com¬ 
moner and Thimann, 1941). Hence their effect on water absorption might 
be evidence that respiration plays a role in this process. However, Levit 
(1948) failed to find a correlation between the rates of auxin-induced 
water absorption and respiration in potato tuber tissue, and considers 
an increased plasticity of the cell walls to be a more likely explanation 

of this phenomenon. . , . f 

That correlations do exist between rates of respiration and rates of 

water movement or absorption in at least some kinds of plant tissues is 

undeniably true. Whether or not this relationship is a very direct one, 
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however, is not clear. In meristems, for example, passage of water into 
cells may be a resultant of their increased solute intake, increased fabri¬ 
cation of protoplasm, or expansion in cell-wall area, all processes which 
appear to be dependent upon respiration as a source of energy. The 
influence of respiration on water movement may thus be principally or 

entirely an indirect one. 

While respiration undoubtedly exerts at least indirect effects on the 
movement of water in plants, there is almost no positive evidence that 
the energy of this process is utilized directly in the transport of watei 
molecules. Furthermore, according to calculations of Levitt (1947), it 
appears improbable that a metabolic mechanism of movement of water 
of any appreciable magnitude could be maintained in most kinds of 
plant cells at the expense of respiratory energy. The question of meta- 
bolically activated mechanisms of the movement of water is discussed 

further in Chap. XIV. 
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DISCUSSION QUESTIONS 

Note: In all questions on osmotic quantities of ' r(l1 ^ ” I1,0 s n(1 t h a t the 

trary, assume membranes to be peruu i de to «£ on, . £an ^ 
cell walls are so nearly inelastic that volume cn.um 

disregarded. , . 

1. A decrease in temperature apparently causesadecroaso m the 

ity of the cytoplasmic membranes to water. What are some possible exp 

tions? . . , • jii„,„ elution of glvcerol from which 

2. An algal filament is immersed in a * - hf „ )n ,. ( , ntr „ t , 0 a 

evaporation of water is allowed . 0 ■ P™ecd ‘slowly -Ben v ^ ^ no 

of glycerol reaches as much a.s 50 per cent 
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signs of plasmolysis. Explain. If transferred to pure water the cells of the fila¬ 
ment swell and burst almost immediately. Explain. 

3. Why does NH 4 OH apparently penetrate into many plant cells more rap¬ 
idly than most other bases? 

4. If a NH 4 C1 solution is injected directly into the cell sap of a plant cell it 
becomes more acid, but if the cell is immersed in the NH 4 C1 solution the sap 
becomes more alkaline. Explain. 

5. Cell A has an osmotic pressure of 12 atm. and is immersed in a solution 
with an osmotic pressure of 6 atm. Cell B has an osmotic pressure of 10 atm. and 
is immersed in a solution with an osmotic pressure of 8 atm. Assume both cells 
are first allowed to come to equilibrium with the solution in which each is im¬ 
mersed, the volume of which is assumed to be large, and that they are then re¬ 
moved and brought into intimate contact. Which direction will water move? Why . 

6. A cell with an osmotic pressure of 12 atm. manifests three-fourths of its 
maximum turgidity. What is the diffusion-pressure deficit of the cell? 

7. A flaccid cell with an osmotic pressure of 16 atm. is immersed in a solution 
with an osmotic pressure of 5 atm. and increases 25 per cent in volume in coming 
to equilibrium with this solution. Assuming the osmotic pressure to vary pro¬ 
portionately with the concentration of the cell sap, what will be the osmotic pres¬ 
sure of the cell at equilibrium? Diffusion-pressure deficit? Turgor pressure? 

8. Cells A, B, and C, having osmotic pressures of 6, 8, and 3 atm. respectively, 
constitute a chain of three cells in the order named. A part of the lowest cell, C, 
dips into a solution with an osmotic pressure of 2 atm. None of the other cells 
is in contact with the solution, which is large in volume in comparison with the 
cells. Evaporation from the cells is prevented. What will be the osmotic pressure, 
diffusion-pressure deficit, and turgor pressure of each cell at equilibrium? 

9. Suppose that evaporation is occurring from the surface of cell A (question 
8). How' would your answer to the question differ? 

10. If all three of the cells (question 8) w'ere completely immersed in the solu¬ 
tion, what would be the diffusion-pressure deficit, osmotic pressure, and turgor 
pressure of each cell at equilibrium? 

11. If a small block of plant tissue, such as that from a potato tuber, be im¬ 
mersed in a solution with an osmotic pressure of 8 atm., what will be the diffu¬ 
sion-pressure deficit of the cells in the tissue after a dynamic equilibrium has 
been established? Would there be any exceptions? 

12. A chain of cells, each of which has an osmotic pressure of 8 atm., is ar¬ 
ranged so that one terminal cell dips in a solution with an osmotic pressure of 
3 atm., and the other in a solution writh an osmotic pressure of 6 atm. The vol¬ 
ume of these solutions is very large in comparison with the size of the cells. 
Evaporation is prevented. Will any movement of water occur? Explain. 

13. What effect will a change of starch to sugar in a cell have upon its diffusion- 
pressure deficit? An increase in the permeability of the cell membranes to sol¬ 
utes? To water? 

14. A cell has an osmotic pressure of 15 atm. and water evaporates from it 
until the cell walls are pulled inward enough that the enclosed water is subjected 
to a tension of 12 atm. What is then the diffusion-pressure deficit, osmotic pres¬ 
sure, and turgor pressure of the cell ? 

15. Pollen grains of cotton and many other species germinate readily upon the 
stigma, but burst rapidly if floated upon water or a dilute sugar solution. Ex¬ 
plain. 


IX 


THE LOSS OF WATER FROM PLANTS 



It is commonplace knowledge that all plants require water for their 
existence and development and that most plants require it m considerable 
quantities. It is not so generally recognized, however, that in most species 
of plants an overwhelmingly large proportion of the water absorbed 
from the soil is lost by the plant into the atmosphere ami takes no per¬ 
manent part in its development or in its metabolic processes. The lack 
«f this general realization probably results from the act that whil 
water is supplied to and absorbed by plants ... its familiar liquid form, 
by far the greater part of that lost escapes in the invisible form of vater- 

Va The loss of water-vapor from living plants is known as ^nspiraffom 

Loss of water-vapor may take place from any par o a p an 
exposed to the air. This applies even to roots in contact will, the so, 
atmosphere. Generally speaking, however, the leaves are the: pr.nc a 
organs of transpiration. Most of the transpira ion from leaves occurs 
through the stomates; this is termed stomatai fransp.rat.oi^ _bmalle 
amounts of water-vapor are lost from leaves by direct evapo ation f om 
the epidermal cells through the cuticle; tins is cal ed cutia ur ranspiru 
tion. All aerial parts of plants lose some water by transpirat ’ th ° ^ 
because of the presence on some organs of superficial ‘^ almost m 
pervious to water, the rate of loss from most such organs is very ^o v 
Some of the transpiration from herbaceous stems, flower parts. andjmd 
is of the cutieular type, but is small in amount. Mos () f 

fruits and flower parts bear stomates which p % 

istomatal transpiration from such organs. Loss of wa 

Place through the lentieels of fruits and woody stems, tins is called 

'enticular transpiration subsequent discussion will 

The Mechanics of Foliar Transpiration.— me suu i 
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deal almost entirely with transpiration from leaves, since, in most plants, 
the amount of water-vapor lost from other organs is comparatively sma . 
The mechanics of foliar transpiration can be adequately discussed on y 
in reference to the anatomy of the leaves from which it occurs Figs^ 
29 30 31). It should be recalled that the vacuoles of all of the living 
cells of a leaf are filled with water, which also saturates the protoplasm 
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Ki<i. 29. Cross section of a portion of a leaf of tulip tree (Liriodendron tulipi- 

(era). 


and the cell walls, this water being supplied to the leaf cells through the 
water conducting tissues of the vascular bundles. Hence evaporation of 
water will occur from these wet cell walls into the internal atmosphere of 
the intercellular spaces just as it will occur from any wet surface into the 
surrounding air. The intercellular spaces constitute a connected system, 
ramifying throughout the leaf. Under certain unusual conditions the in- 
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Flu. 30. Cross section of a leaf of white pine (Pinna strobus) 
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tercellular spaces can become injected with liquid water but under all 
normal conditions they are occupied by air. 

If the stomates are closed the only effect of evaporation from the 
mesophyll cell walls will be the saturation of the entire volume of the 
intercellular spaces with water-vapor. When the stomates are open, how¬ 
ever, diffusion of water-vapor may occur through them into the outside 
atmosphere. Such outward diffusion will always take place unless the 
atmosphere has a vapor pressure equal to, or greater than, that of the 
intercellular spaces, a condition which docs not commonly exist during 
the daylight hours. The rate of such diffusion will depend principally upon 
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Fin. 31. Longitudinal section through a small portion of a leaf of white pine 

(Pinus strobus). 


the excess of the vapor pressure in the leaf over that of the atmosphere, 
although the “diffusive capacity” of the stomates (Chap. X) is also an 
important factor. The process of stomatal transpiration therefore involves 
evaporation from the cell wall surfaces bounding the intercellular spaces 
and the diffusion of this water-vapor from the intercellular spaces into 

the atmosphere through the stomates. 

One side of every epidermal cell on a leaf is also exposed to the atmos¬ 
phere. Evaporation of water occurs into the atmosphere directly from 
these cell surfaces. The surfaces of practically all aerial leaves are covered 
with a layer of wax-like substance known as cutin (Fig. 32). This is not 
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readily permeable to water and hence reduces transpiration directly 
through the walls of the epidermal cells to a magnitude much less than it 
would be, were there no such layer present. The thickness of the cutin 
layer varies with the species of the plant and the environmental condi¬ 
tions under which the leaves have developed. The layer of cutin is usually 

thicker on leaves which have de¬ 
veloped in bright sunlight, for 
example, than on leaves of the 
same species which have devel¬ 
oped in shade. Even in leaves 
which are heavily coated with 
cutin, some cuticular transpira¬ 
tion occurs, possibly largely 
through tiny rifts in the cutin 
layer. In most species of plants 

of the temperate zone less than 10 per cent of the foliar transpiration 
occurs through the cuticle, the remainder being stomatal transpiration. 

Evaporation.— The fact that transpiration may be regarded as essen¬ 
tially a modified form of the process of evaporation makes desirable a 
fuller consideration of the dynamics of this process. When an open pan 
of water is exposed to the atmosphere, the level of the water in the pan 
slowly drops. Evidently water molecules arc being slowly lost into the 
atmosphere. All of the molecules in a mass of water are not traveling 
with the same velocity, although for any given temperature the average 
speed of all of the molecules in the liquid mass is a constant. Some of the 
molecules in the liquid water attain sufficient momentum to overcome 
ontirely the attractive forces holding them in the liquid, and escape into 
the surrounding atmosphere in the form of vapor. The swiftest molecules 
present are most likely to be able to overcome the attraction of the other 
water molecules, therefore they are the most likely to be lost from the 
liquid. During evaporation any body of water is thus slowly being de¬ 
pleted of its more rapidly moving molecules. The residual water becomes 
progressively richer in relatively sluggish molecules; in other words, it 
becomes cooler. This cooling effect is more or less completely offset, how¬ 
ever, by physical transfer of heat into the water from its surroundings 
as soon as its temperature drops below that of the environment. The 
proportion of “high-speed” molecules in the molecular population of 
the pan of water is thus maintained at close to its original value, and 
the rate of evaporation continues with very little diminution. 

In the preceding paragraph we have focused our attention only on the 
water molecules which escape from the liquid. Water-vapor molecules are 
also returning to the liquid from the atmosphere during the process of 
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Fic;. 32. Cutin layer on the upper epi¬ 
dermis of a leaf of Clivia nobilis. 
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evaporation. If a water-vapor molecule in the atmosphere above the evap¬ 
orating surface, particularly one of the more sluggish ones, strikes the 
surface of the water at the proper angle and with not too great a velocity, 
it will be held there by the attractive forces exerted by the liquid water 
molecules, and again become part of the liquid water. “High-speed” 
molecules, on the other hand, are much less likely to be captured by the 
attractive forces exerted by the molecules at the surface of the body of 
liquid. They impinge upon the bounding film of the liquid with such 
velocity that, unless they hit that surface at right angles or nearly so, 
they usually glance off along a new pathway. 

This picture of the kinetics of the evaporation process holds for any 
evaporating surface whether it be the exposed surface of a body of water, 
a moist piece of cloth, paper, or porous clay, or the mcsophyll cell walls 
of a leaf. Ordinarily the term evaporation is used to refer only to condi¬ 
tions in which the rate of escape of molecules exceeds their rate of return, 
and its use will be restricted to this sense in this discussion. 

If the air above the water surface is confined, as, for example, when a 
dish of water is covered by a bell jar, the number of water-vapor mole¬ 
cules in the confined space will gradually increase as a result of evapora¬ 
tion from the surface of the water. Since their movement is a random 
one the water-vapor molecules will be continually colliding with walls ol 
the container, each other, the molecules of other gases present in the air, 
and surface of the liquid water. Some of those which strike the surface 
of the liquid will be held there by intermolccular attractive forces. As 
the concentration of water-vapor molecules in the air increases, the num¬ 
ber which plunge back into the water in any unit interval of time in¬ 
creases. Eventually a dynamic equilibrium will be attained at which the 
number of molecules leaving the surface and the number returning to it 
• in a unit time will be equal. At this point the air will be saturated with 
water-vapor and evaporation will no longer be occurring. 

' The water-vapor molecules exert a definite pressure against the walls 
of the container and the surface of the water. This is known as vapor 
pressure. In the illustration given in the preceding paragraph, the vapor 
pressure of the water increases progressively until the saturation point is 
reached. The vapor pressure of water under the conditions of such a dy¬ 
namic equilibrium may conveniently be termed the saturation vapor 
pressure. The vapor pressure of a liquid is usually expressed in terms of 
millimeters of mercury. The saturation vapor pressure of water at 20 C., 
for example, is 17.54 mm. Hg. This means that at this temperature the 
water-vapor exerts a pressure equal to the pressure exerted by a column 
of mercury 17.54 mm. high. The saturation vapor pressure of any liquid 
is independent of the area of the evaporating surface, but increases wi 
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increase in temperature (Table 15). In physics and chemistry the satura¬ 
tion vapor pressure is usually referred to simply as “vapor pressure,” but 
in biological work it is necessary to distinguish between two different 

senses in which this latter term is used (Chap. XI). 

Botanists are often interested in measuring the rate of evaporation 
under a given set of conditions in connection with studies of transpira¬ 
tion and of plant distribution. Many measure- 

? incuts of evaporation rates have been made 

a with instruments called atmometers (Fig. 33). 

These consist essentially of surfaces of porous 
clay moulded in the form of hollow cylinders 
or spheres. Water evaporates from such sur¬ 
faces in essentially the same way that it evap¬ 
orates from a free surface of water. Atmom¬ 
eters arc attached to a reservoir of water as 
shown in the figure, and are usually provided 
with mercury valves which prevent absorption 
of rain. The loss of water from such instru- 
! meats can be determined either by measuring 

■■ the decrease in volume of water or the loss 

_W of weight of the instrument. Details of atmo- 

/i metric technique are discussed by Livingston 

f||9 I (1935). 

I Vi.s Measurement of Transpiration.—Four gen- 

®— f It ! oral methods are in use for measuring tran- 

| spiration, but only the first two of these as 

| "71 —c listed can be used for quantitative determina- 

5 tions of the rate of loss of water-vapor from 

1 — .... plants which are rooted in the soil. 

1. Method of Weighing Potted Plants .— 

-- This method can be employed only with plants 

Fig. 33. Arrangement for which are rooted in pots or other suitable con- 
the measurement of evapo- tainors. For laboratory experiments potted 
ration rates by means of pi ants art . often used, the pot generally being 

clay hollow sphere, l/S) ™rlosrsl >» a metal shell, and the soil surface 
mercury valve, (C) riser- sealed off so that cvaporational water loss can 
voir. occur only through the plant. For field or 

large-scale experiments, metal receptacles 
have been found convenient, in which case it is only necessary to seal 
off or cover the soil surface in such a way as to prevent evaporation. The 
method is limited in practical application to plants which can be grown 
in readily portable containers. The transpiration rates of plants as large 
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Fig. 33. Arrangement for 
the measurement of evapo¬ 
ration rates bv means of 
an atmometer. (.-t > Porous 
clay hollow sphere, (/i) 
mercury valve, (C) reser¬ 
voir. 
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as mature maize plants and 5-foot coffee trees have been measured by 
this method. 

The loss of weight of the container and plants for a given time interval 
may be considered to represent transpiration as the effect of other factors 
on the weight of the setup is usually negligible. If the experiment is to be 
continued for more than a relatively short period it is necessary to pro¬ 
vide the container with a watering tube through which known volumes of 
water can be introduced into and distributed throughout the enclosed 


soil at appropriate intervals. 

In employing this method the receptacle in which the plants are grow¬ 
ing may be weighed at selected intervals by manual manipulation or may 
be placed on a balance which is arranged so that each loss of a definite 
increment of weight (for example, 1 g.) is automatically registered on a 
recording device (Transeau, 1911, Briggs and Shantz, 1915, Schratz, 1932, 


Nutman, 1941, and others). 

2. Method of Collecting ami Weighing Transpired II ater -1 apor .—This 
method requires a rather elaborate experimental setup, but is the on y 
way in which the rate of transpiration can be determined quantitatively 
for plants rooted in out-of-door habitats. A stream of atmospheric air 
is passed through a glass or cellophane chamber containing the plant or 
portion of a plant, or through “leaf cups" (Heinieke and Hoffman, 1933) 
attached to the stomatc-benring side of a leaf. The air stream is then 
conducted through tubes or vessels containing a water absorbent such as 
calcium chloride. The gain in weight of these absorption tubes during the 
experiment represents the water-vapor transpired by the plant plus the 
water-vapor which was introduced into the system from the outside at¬ 
mosphere. In order to determine the proportion of the water-vapor which 
comes from the atmosphere it is necessary to set up a cur appara s, 
containing no plant, ami to pass air through it at the same rate that t , 
circulated through the setup containing the plant. The gain in weigh 
the water-absorption tubes in the second apparatus represents wate - 
vapor from the atmosphere. Such a method has been used by M.nckle 
(1936) for measuring transpiration from attached branches o. trees and 
by Heinieke and Childers (1930) for measuring the transpiration 
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of transpirational water loss are instruments known Potometers _The 

severed base of a leafy shoot is immersed in w a er in ' 

potometer and the rate of water loss determined by the ate at winch 

the volume of water in the apparatus shrinks. Tins is 

by notine the rate of movement of an air bubble in , 

capillary ^sideann of the instrument. Some potometers are constructed 
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that the entire root system of plants which have been specially grown 
for the purpose in solution cultures can be immersed in the reservoir of 
the instrument (Fig. 34). A potometer actually measures the rate of ab¬ 
sorption of water rather than the rate of transpiration. While under many 
conditions the rates of these two processes are virtually equal, this is not 
always true, particularly if an internal water deficit exists in the plant. 
The rate of transpiration as measured for a cut shoot in a potometer does 
not necessarily bear any relation to its rate of transpiration while it was 
still attached to a plant. The reasons for this will become clear in the dis¬ 
cussion of the internal water relations of plants (Chap. XV). The prin- 



Fio. 34. Potometer as set up lor measurement of rate of absorption of water 
bv the root system of a seedling plant. The full length of the capillary tube is 

not shown. 
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cipal utility of potometers is in laboratory demonstrations of the effects 
of various environmental factors upon the rate of transpiration. 

4. Hygrometric Paper Methods —When filter paper is impregnated 
with a dilute (about 3 per cent) solution of cobalt chloride and dried, it 
becomes a bright blue in color. If exposed to moist air its color gradually 
changes to pink. The same color change ensues when a piece of such paper 
is brought into contact with the transpiring surface of a leaf. If small 
pieces of such paper arc mounted so as to be protected from the water- 
vapor of the atmosphere by glass, mica, or celluloid, and are brought into 
contact with the surface of a leaf, the rate at which the paper changes in 
color from blue to pink is an indication of the rate at which water-vapor 
is being lost by that leaf. A leaf which changes the color of a piece of 
cobalt chloride from its full blue color to its full pink color in, for ex- 
ample, 30 sec. is losing water to the paper twice as fast as a leaf which 
requires 60 sec. to accomplish a similar change. This method gives no 
measure of absolute rates of transpiration, because when a portion of a 
leaf is covered with a piece of cobalt chloride paper the environmental 
conditions influencing the leaf under the paper are very c i eren rom 
those which would influence it were it freely exposed to the atmosphere. 
The leaf under the paper is exposed to a reduced light intensity and an 
initially lower vapor pressure than freely exposed parts of the same lea , 
and furthermore, is completely isolated from any effects olf wind. Hence 
the rate of loss of water-vapor to the paper may be very different from 
the rate of water-vapor loss of the same area of leaf surface to the atmos 
phere. Under certain conditions this method can be used for a de ‘■"TJ 
tion of the relative rates of transpiration of different species with a fair 
degree of accuracy. Even for relative determinations of 
rates, however, this method gives valid results only when all of the P ants 
are growing under essentially the same atm^phenc conditions Modifica¬ 
tions and limitations of this method are discussed by Livingston anil 

Shreve (1916) and Meyer (1927). nrr 

The Mognitude of Transpirotion.-Transp.ration may be compu tedper 

unit of leaf surface or leaf area,- per unit of fresh or dry '- ght pcr plant, 
or per unit area of field or forest. Rates may be calculated fo^hourly, 
daily, seasonal, or yearly periods. Transpiration ra ess ggme kind of 
variation from one kind of a plant to another, an 
a plant under different environmental conditions 

Transpiration rates in broad-leafed plants of temperate regions rang 

‘Leaf area is ordinarily used as a basis for rxp ! J T^ e ^e a C9 lea f f Sacrid^wu;..; 
Photosynthesis only for broad-leaved aperies. In such spe 

a PProximately twice the leaf men. 
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up to about 5 g. per dm. 2 of leaf area per hour. Usual rates, under con¬ 
ditions favorable for stomatal transpiration, fall within a range of 0.5 
to 2.5 g. per dm. 2 per hour. At night, or during periods when a dry soil, 
a low temperature, or other conditions unfavorable to stomatal transpira¬ 
tion prevail, the rate may fall to 0.1 g. per dm. 2 per hour, or even less. 
Under favorable conditions many herbaceous plants transpire several 
times their own volume of water in a single day. 

The transpiration rates of large plants such as mature trees obviously 
cannot be measured directly, but can only be estimated from data on the 
leaf population of the tree and the known rates of transpiration of some 
of the leaves. To arrive at an accurate estimate of the leaf population of 
a large tree is in itself a laborious procedure. Among the few such esti¬ 
mates which have been made are those of Turrell (1934), who found a 
33-foot open-grown catalpa (Catalpa speciosa) to bear 26.000 leaves hav¬ 
ing an aggregate leaf area of 19,500 dm. 2 , and of Cummings (1941), who 
found a 47-foot open-grown silver maple (Acer saccharinum ) to bear 
177,000 leaves having an aggregate leaf area of 68,000 dm. 2 

Accurate measurements of the transpiration rates of even a small part 
of a tree can be made only by the air-flow method described previously. 
Results obtained by the potometer or hygrometric paper methods on small 
branches or individual leaves may be grossly in error for reasons which 
have already been discussed. Even if accurate measurements have been 
made of the transpiration rate of certain branches, a further complica¬ 
tion in attempts to estimate the transpiration for the entire tree is intro¬ 
duced by the fact that the rate of the process is known to differ greatly 
from one leaf or branch to another. All calculations of the transpiration 
rates of large trees can, therefore, only be approximations, although 
such estimates are not only of scientific interest but also of practical 
value. 

Likewise, calculations of transpirational water loss per acre of cropped 
land or of natural vegetation are necessarily only approximations. Results 
of some such calculations indicate that sufficient water may transpire 
from maize plants during the course of a growing season to cover the 
field to a depth of 15 inches (Transcau, 1926) and from apple trees to 
cover the orchard to a depth of 9 inches. Hoover (1945) estimates the 
transpiration of a deciduous forest, largely oak, in the southern Appa¬ 
lachian mountains, to be equivalent to 17-22 inches of rainfall per year. 
This estimate was made on the basis of the effect of removing vegetation 
from a watershed on the runoff. 

Significance of Transpiration.—Opinions regarding the significance of 
transpiration have ranged all the way from those which would put it 
practically on a par with such processes as photosynthesis and respira- 
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tion, to those which would relegate it to the category of a “necessary 
evil” (Curtis, 1926). The principal roles which have been ascribed to the 
transpiration of plants can he summarized under the following three 
headings: 

1. Supposed Role in the Movement o) Water. —It is often claimed or 
assumed that the movement of water through the plant requires the 
occurrence of transpiration from the leaves. That this concept is entirely 
erroneous will he clear from the discussion of the mechanism of the con¬ 
duction of water through plants in Chap. XII. Under conditions of high 
transpiration the movement of water through plants is, in general, more 
rapid than under conditions of low transpiration. The mechanism causing 
ascent of water through a plant operates in such a way ihat any increase 
in the diffusion-pressure deficit of the mesophyll cells favors a more rapid 
movement of water toward those cells. Hence a rapid transpiration rate, 
which invariably results in a considerable increase in the diffusion-pres¬ 
sure deficit of the mesophyll cells, usually speeds up the rate at which 
water ascends through the plant. However, translocation of water to the 
extent that it is used in restoring the turgor of leaf cells, in photosynthesis 
or in growth, continues even during periods when the transpiration rate 

is negligible. 

2. Supposed Role in the Absorption and Translocation oj Mineral Salts. 
—It has often been assumed that the more rapid the rate of transpiration, 
the greater the rate of absorption of mineral salts. This view implies that 
the dissolved mineral salts are swept into the plant along with the ab¬ 
sorbed water, a postulation which ignores much evidence that the mech¬ 
anisms operating in the absorption of water are very different from the 
mechanisms operating in the absorption of mineral salts (Chap. XIV, 
Chap. XXIV). The results of certain experiments do indicate that a some¬ 
what larger quantity of mineral salts accumulates in plants under con¬ 
ditions favoring high transpiration rates than in similar plants growing 
under conditions favoring low transpiration (Freeland 1937, Wright 
1939). The work of Broyer and Hoagland (1943), however, indicates that 
such results are only obtained under certain metabolic conditions, ana 
that there is no consistent correlation of the rate of transpiration with 

the rate of absorption of mineral salts. 

Upward translocation of the mineral salts absorbed by the roots occurs 

principally in the xylem (Chap. XXVII). The dissolved mineral salts are 
passively carried upward in the ascending water columns. Since the rates 
of translocation of water show a fairly close correlation with the rate* of 
transpiration, a similar correlation also exists between rates of upward 
movement of mineral salts through the plant and rates o transpiration. 
Although high transpiration rates undoubtedly often result in more rapid 
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upward transport of mineral salts through the plant than low rates, there 
is no reason to attach any critical significance to this fact. There is no 
evidence that inadequacies in the distribution of absorbed mineral salts 
throughout plants ever result from low transpiration rates. 

3. Supposed Role in the Dissipation of Radiant Energy .—Leaves ex¬ 
posed to direct sunlight absorb large quantities of radiant energy which, 
unless dissipated in some other way, will be converted into heat energy 
and raise the temperature of the leaf. The possibilities of such an effect 
are indicated by the following approximate calculations: In direct noon¬ 
day summer sunlight, the rate of receipt of solar energy is often as much 
as 1.3 g.-cal. per square centimeter of leaf area per minute and not un¬ 
commonly even greater. The proportion of this actually absorbed varies 
with the kind of leaf, but will be assumed to be only 50 per cent, which 
is probably a representative value. The incident radiant energy which is 
not absorbed by the leaf is all transmitted or reflected. Such a small pro¬ 
portion of the absorbed energy is used in photosynthesis that it can be 
neglected in a rough calculation. Hence about 0.65 g.-cal. of energy is 
absorbed per square centimeter of leaf area per minute. If the mass of a 
square centimeter of a leaf is taken as 0.020 g. and its specific heat as 

0.65 

0.879 g.-cal., 2 the rise in temperature per minute would be 


or about 37°C. Since the thermal death point of most plant protoplasm 
lies between 50° and 60°C., it should not require more than a few minutes 
to heat the leaves of most plants to a lethal temperature. Actual measure¬ 
ments of leaf temperatures, however, show that they seldom even ap¬ 
proach their thermal death points. Leaf temperatures usually do not 
exceed atmospheric temperatures by more than a few degrees centigrade. 
Evidently some efficient energy-dissipating mechanism is at work which 
prevents the accumulation of heat energy in leaves. 

Since transpiration is an energy-consuming process it has often been 
assumed that it is in the evaporation of water from the leaves that most 
of the energy absorbed by them is dissipated. We might well inquire, 
therefore, regarding the possible efficiency of transpiration as an energy- 
dissipating process. The evaporation of a gram of water at 20°C. requires 
584 g.-cal. For the dissipation of 0.65 g.-cal. of heat, therefore, the evap¬ 
oration of 0.0011 g. (0.65/584) of water per square centiineter of leaf area 
per minute is required. This is equivalent to 6.6 g. (0.0011 X 100 x 60) 
of water per square decimeter of leaf area per hour, a rate of transpiration 
which is seldom attained by plants for any sustained period of time under 
natural conditions. Evidently transpiration, even when occurring at its 


9 These are the actual values as determined for a sunflower leaf bv Brown and 
Escombe (1905). See also Shull (1930). 
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maximum rate, can seldom account for dissipation of more than part of 
the radiant energy which is absorbed by leaves in intense sunlight. 

The fact that transpiration is often inadequate in direct sunlight to 
account for the dissipation of all the absorbed radiant energy leads 
naturally to the question of whether it is at all essential for this process. 
Observations have shown that leaves in which the transpiration rate is 
greatly reduced—as, for example, those in which the stomates are plugged 
with vaseline, leaves in a wilted condition, or the leaves of plants in xeiic 
habitats during dry seasons, in which the occurrence of any appreciable 
amount of transpiration is precluded by the lack of soil water—seldom 
have temperatures which are anywhere near the thermal death point, 
even when exposed to direct sunlight. Although transpiration often ac¬ 
counts for the dissipation of some or even most of the absorbed radiation, 
in so doing it apparently plays no essential role since absorbed radiation 
can be dissipated by purely physical means. As soon as the temperature 
of a leaf exceeds that of the surrounding atmosphere, it will lose heat to 
the atmosphere in the same way that any other object heated above its 
environmental temperature does, r.e., by one or more of the purely ph>>- 
ical processes of conduction, radiation, and convection. The term t erma 
emission is frequently applied to this physical loss of heat energy > 
leaves and other objects. As will be shown in C hap. XI, the theimal cmi>- 
sion of leaves is adequate to account for the dissipation of all absorbed 


radiant energy. 

Actually, instead of benefiting plants, transpiration may often be det¬ 
rimental. Under conditions of deficient soil water or of high transpiration 
rates even when the soil water supply is adequate, this process results in 
a diminution in the water content of a plant and in the t-urgulity ot it» 
cells. Prolonged drought conditions ultimately result in a severe desicca¬ 
tion with the consequent death of all except the most drought resistant 
species. When the diminution in water content is less severe a train of 
other effects such as a decrease in the turgidity of the cells, stomatal 
closure, and reduction in rate or cessation of photosynthesis are induced 
all of which have the end result of cheeking the grout 1 o ie p an . 
is probably true that lack of water is more often the limiting factor m 
Plant growth than any other single faetor. Furthermore, defictmeyo 
water is probably responsible for the death of more plants under natura 

or even cultural conditions than any other single cause 
The fundamental effects of transpiration upon the Pl^t are no to 
sought in any hypothetical “advantages” of the process to the plant but 
in its very real and readily ascertainable influences upon the water rela¬ 
tions of plant cells and tissues, and through these its effects upcni othe, 
plant processes. In spite of the fact that transput,on may he .egarded 
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in a sense as an incidental phenomenon, its indirect influence upon the 
metabolic processes of plants is a profound one. It is this fact, more than 
any other, which justifies intensive and critical studies of this process. 

The Loss of Water from Plants in Liquid Form. —If a pot of young oat 
plants is copiously watered and then enclosed in a bell jar, in a rela¬ 
tively short time a slow exudation of water begins at the tip of each leaf. 
The drops which form at the leaf apexes gradually enlarge and eventually 
may run down the side of the leaf or fall off. This process of the escape 



F hi. 35. Guttation from tomato leaves. Photograph, courtesy of Dr. J. H. 

Gourley. 

of liquid water from uninjured plants is called guttation (Fig. 35). It is 
of very general occurrence, having been recorded in plants of more than 
300 genera, although there arc many species in which it has not been ob¬ 
served. Guttation occurs most frequently and abundantly under condi¬ 
tions which favor rapid absorption of water by the roots, but which result 
in a reduced rate of transpiration. In most temperate regions such condi- 

• 

tions occur most frequently during the late spring when there is often an 
alternation between relatively cool nights and relatively warm days. 
Guttation is frequently observed at that season, usually taking place at 
night or during the early hours of the morning. The drops of guttation 
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water which form at the tips of grass blades and the tips or edges of the 
leaves of other plants are often erroneously considered to be dew. 

The process of guttation occurs from pore-like structures known as 
hydathodes (Fig. 36). These structures are also sometimes referred to as 
water stomates or water pores. As the figure indicates, a typical hvda- 
thode consists of an enlarged stomate-like opening below which is a rather 
large chamber, bordered by a mass of thin-walled, loosely arranged cells 
called the epithem. The xylem elements of a vascular bundle terminate 
just below the epithem. 

The exudation of water through hydathodes is considered to result 
from a pressure which develops in the sap of the xylem elements, and 
not to any locally developed pres¬ 
sure in the hydathode itself. This 
pressure is generally believed to be 
identical with the so-called “root 
pressure” (Chap. ^11). It is sup¬ 
posed that the water is forced from 
the vessels through the intercellular 
spaces of the epithem layer and out 
of the plant through the pore of the 
hydathode. This water is not pure 
but contains at least traces of sol¬ 
utes, including sugars, amino acids, 



and mineral salts. Guttation water 
sometimes evaporates so rapidly as 
to leave deposits of salts on the 
margins or tips of leaves. Reab¬ 
sorption of drops of guttation wa¬ 
ter also sometimes occurs, such reabsorbed water often containing a 


I'm;. Hydathode at the margin of 
a tomato leaf as seen in sectional view 
(semi-diagrammatic). Note termina¬ 
tion of vessels just back of the epithem. 


greater concentration of salts than the original exudate because of solu¬ 
tion in it of previously deposited encrustations of salts. Either evapora¬ 
tion, or reabsorption of guttated water, or both, may result in injurious 
effects on plants and are a probable cause of tip burn in leaves of some 
species (Curtis, 1943). While the volume of water exuded by most plants 
of temperate regions in guttation is usually small, some tropical species 
lose large quantities in this process. A young leaf of Colocasm nymphae- 
jolia, a native of India, has been observed to lose as much as 100 ml. of 

liquid water in a single night by guttation. 

Glands are found on leaves, flower parts, and other organs of the plant. 
Certain types of glands secrete water or, more accurately, a dilute solu¬ 
tion. The exudation of water or a dilute solution by glands is apparently 
caused by a physiological mechanism within the gland itself, and not by 
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a pressure developed in the sap of the xylem conduits as appears to be 
true of hydathodes. Sugars (as in nectar) and certain mineral salts are 
secreted by some glands. Non-water-soluble substances, such as resins 
and volatile oils, are secreted by glands on some kinds of plants. 
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DISCUSSION QUESTIONS 

1. How would you measure separately the rates of stomatal and cuticular 
transpiration in a broad-leafed plant ? 

2. Is it harmful to prune grapevines or other woody plants at a season when 

they bleed profusely? „ 

3. When a leaf exposed to bright light is surrounded by a bag of cellophane, 

which checks transpiration, the temperature of the leaf rises. This has been in¬ 
terpreted as evidence of a result of the retardation in the rate of transpiration. 
What is a more probable interpretation of this effect? . , , 

4. How can you tell whether the water present on leaves in the early morning 
hours after a clear night is dew or water of guttation? 

5. If a leaf is absorbing 0.65 g.-cal. of radiant energy per cm. 2 per minute, what 
proportion of this will be dissipated by thermal emission if the transpiration rate 
is 2 g. per dm. 2 of leaf area per hour? 
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The most important physiological fact about the stomates is that they 
are sometimes open and sometimes closed. When open, they serve as the 
principal pathways through which gaseous exchanges take place between 
the intercellular spaces of the leaf and the surrounding atmosphere. When 
closed, gaseous exchanges between a leaf and its environment are greatly 
retarded. The gases of greatest physiological importance which enter or 
depart from a leaf principally through the stomates are oxygen, carbon 
dioxide, and water-vapor. The movement of gases through the stomates in 
either direction is primarily a diffusion phenomenon, although under cer¬ 
tain conditions, as discussed later, mass movement of gases may occur 
through the stomates. Although the stomates are the principal portals 
through which entry and escape of gases take place, the fact should not 
be overlooked that at least small quantities of gases pass directly through 
the epidermis and cuticular layers of all leaves. This appears to be true, 
in particular, of carbon dioxide (Chap. XIX). In submerged vascular 
aquatics all gaseous exchanges between the plant and its environment 
occur through the epidermis. 

Structure of the Stomates. —The stomates or stomata (singular stomate 
or stoma) are minute pores which occur in the epidermis of plants. They 
are surrounded by two distinctive epidermal cells known as the guard 
cells. Stomates may occur on any part of a plant except the roots, but in 
most species are most abundant upon the leaves. The size of the stomatal 
pore varies in most plants depending upon the turgidity of the guard 
cells and often, especially at night, it is entirely closed. In Fig. 37 are 
depicted surface and cross-sectional views of several of the commoner 
types of stomates. The structure of stomatal apparatus shows marked 
variations in detail in different species of plants, but the essential feature 
of a pore between two guard cells is common to all species of vascular 
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plants. Guard cells which are roughly kidney or bean-shaped as seen in 
surface view are typical of more species of plants than any other kind 
(Fig. 37.4). In some species the epidermal cells bordering on the guard 
cells are different in configuration from other cells in the same tissue; 
these are called subsidiary cells or accessory cells (Fig. 37 B). In many 
species of the grass and sedge families the guard cells are distinctly 



Fig. 37. Structure of stomates. (4) Surface view of sunflower stomate, (B) 
surface view of Zebrina stomate, showing four subsidiary cells around the guard 
cells, (C) surface view of maize stomate, (D) cross sectional view of Austrian 

pine stomate. 

elongate (Fig. 37C). In most species of conifers and in certain other 
species, stomates are of the “sunken" type (Fig. 37D). A perspective view 
°f a stomate and the surrounding guard cells is shown in Fig. 38. Unlike 
other epidermal cells, the guard cells contain chloroplasts. They also 
a Ppear to contain a larger proportion of cytoplasm than the epidermal 

cells. 

Size and Distribution of Stomates.— The size of the stomatal pore varies 
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greatly according to the species of plant, and somewhat among the in¬ 
dividual stomates on any one plant. The pores are always very minute, 
however, their dimensions being expressed in terms of microns (Table 13). 

Minute as these openings appear to 
be from a human scale of values, they 
are enonnous when compared with the 
size of the gas molecules which diffuse 
through them. The calculated diame¬ 
ter of a water molecule is 0.000454 p.. 
More than 2000 water molecules 
would have to be placed side by side 
to measure a distance of 1 [x. The mol¬ 
ecules of both carbon dioxide and 
• 

oxygen are larger than water mole¬ 
cules. Since the stomatal diameters 
usually are considerably in excess of 
1 jx, it is evident that the stomates afford relatively enormous portals to 
the gas molecules which diffuse through them. 

In general, the number of stomates present in the epidermis of leaves 
may range from a few thousand to over a hundred thousand per square 
centimeter, the exact number depending upon the species and upon the 
environmental conditions under which the leaf has developed. A single 
maize plant has been estimated to bear from 140 to 240 million stomates, 
whereas the number on a large tree could be expressed only by a figure 
of astronomical dimensions. 

The average numbers of stomates which have been found per square 
centimeter on the leaves of a number of representative species are listed 
in Table 13. However, marked deviations from such average values are 
possible for any species, depending upon the environmental conditions 
under which the leaves have developed. The number of stomates per 
unit area of leaf surface may be quite different on leaves of two plants of 
the same species, if one grew in a greenhouse, and the other grew’ in the 
open, or upon the leaves of plants of the same species which have de¬ 
veloped during different seasons. 

As shown in Table 13, stomates occur in both the upper and lower 
epidermis of many species of plants. In numerous others, especially woody 
species, they arc confined to the lower epidermis. Even in those species 
in which stomates occur on both surfaces of the leaf they are commonly, 
but not always, more abundant in the lower epidermis. In floating leaves, 
such as those of the water lily, stomates occur only in the upper epidermis. 
Species in which the stomates are relatively small usually have more per 
unit area than species in which the stomates are relatively large. 



stomate and adjacent cells (semi- 
diagrammatic). 
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TABLE 13 -SIZE AND DISTRIBUTION OF STOMATES ON THE LEAVES OF VARIOUS SPECIES OF 

PLANTS (DATA OF ECKERSON, I908; SALISBURY, I92); KISSER, I929; MILLER, 1931; AND 
YOCUM, I935) 


Species 

Ave. no. o 
per 

Upper 

epidermis 

f stomates 
cm 5 

Lower 

epidermis 

Size (length X 
breadth) of pore 
when fully open 
(lower epidermis) 

Refer¬ 

ence 

Alfalfa (Medic ago saliva) . 

16,900 

13,803 


M 

Apple (Pyrus malus var.). 

0 

29,400 


M 

Barberry (Berberis vulgaris) . 

0 

22,900 


K 

Bean (Phaseolus vulgaris) . 


28,100 

7 X 3 /i 

E 

Begonia (Begonia coccinea) . 

0 

4,000 

21 X 8 m 

E 

Black Oak (Otisrrut nelutina\ . 

0 

58,000 


Y 

Black Poplar (Populus nigra) . 

2,000 

11,500 


S 

Black Walnut (Juglans nigra) . 

O 

46,100 


K 

Cabbage (Brassica oleracea) .' 

14,100 

22,600 


M 

Castor Bean (Ricinus communis) . 

6,400 

17,600 

10 X 4 a 

E 

Cherry (Prunus cerasus var.). 

O 

24,900 


M 

Coleus {Coleus blumei) . 

O 

14,100 

ioXj/i 

E 

English Ivy (Hedera helix) . 

O 

15,800 

1 1 X 4 u 

E 

hnp ich Oak (OtAsrru c 

O 

45,000 


S 

Geranium {Pelargonium domeslicun.). . . 

1 , 9 °° 

5,900 

'-4 X 9 M 

E 

Holly {Ilex opaca) . 

0 

17,000 

1 2.5 X 6.5 u 

K 

Jimson Weed {Datura stramoniur ) . 

11,400 

18,900 

. 

k 

LllaC ItiVff nw/iF/irf tl 

O 

11,000 


K 

Linden {Tilia vulgaris) . 

O 

13,000 

• «••••• 

S 

Y“» 

Maize {Zea mais) . 

5,200 

6 ,8co 

19 x 5M 

E 

Mulberry ( Morus alba) . 

0 

48,000 


k 

Nasturtium {Tropaeolum majus) . 

0 

13,000 

12X6(1 

E 

I* 

Nightshade {Solanum dulcamara) . 

6,000 

2 <>,JC 0 

. 

k 

Oat (/Ivena saliva) . 

2 , 5 °° 

2.JCO 

38 X 8 M 

E 
■ • 

Pea ( Pisum sativum) . 

10,100 

21,600 

. 

k 

Peach ( Prunus pcrsica var.). . 

0 

22,500 


M 

k M 

Potato {Solanum tuberosum) . 

5,100 

16,100 


M 

v 

Red Oak {Quercus rubra) . 

0 

68 ,oco 


I 

\r 

Scarlet Oak {QuercUs coccinea) . 

0 

103,800 


I 

C 

Scilla (Sfi tin Nf/Z/inr^ . 

5,500 

5,ICO 


O 

Sunflower ( Helianthus annuus) . 

j* j 

8,500 

15,600 

22X8/1 

E 

1/ 

Sycamore {Platanus occidentalis) . 

0 

27,800 

• • • • • • 

IV 

r 

Tomato {Lycopersicon escu/entum) . 

1,200 

13,000 

13 X 6 a 

IL 

is 

Tree of Heaven {Ailanthus glandulosa) 

O 

3 \ 6 cc 


K- 

p 

Wandering Jew ( Zebrina pendula) . 

O 

1,400 

31 X 12 u 

p 

Wheat {Triticum sativum ). 

Willmi' 0*1 \r ( n.. 

3 JOO 

O 

1,400 

72,300 

38 X 7 /i 

L 

Y 

uax \\Juercus pncuoi) . 

0 

4 , 5 °° 


S 

oorrel \Uxalis acetoseitu) . 

Yew {Taxus baccata) . 

O 

11,500 


S 
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In general, no correlation has been found between transpiration rates 
and either the size or distribution of the stomates, other factors being 
much more important in determining the rate of loss of water-vapor from 

the intercellular spaces. 

Principles Governing Diffusion of Gases through the Stomates.— Since 
gaseous exchanges between the intercellular spaces and the atmosphere 
take place principally through the stomates, the problem of the diffusive 
capacity of the stomates is an important one. Although the aggregate 
area of the fully open stomates of a leaf is probably never more than 3 
per cent of the stomate-bearing surface and is often less than 1 per cent, 
the rate of water-vapor loss from leaves per unit of area may be 50 per 
cent or even more of the evaporation from an exposed water surface of 
the same area. Stomatal transpiration from a leaf of birch (Betula 
pubescens ), for example, under the most favorable conditions, may be as 
much as 65 per cent of the evaporation from the same area of an evap¬ 
orating surface (Stalfelt, 19321. Leaves of this species bear stomates only 
in the lower epidermis. Assuming the aggregate area of the open stomates 
to be 1 per cent of the leaf area, it is evident that water-vapor often 
diffuses through the stomates at rates ranging up to at least fifty times 
greater than it diffuses away from an equal area of exposed evaporating 


surface. 

This unexpectedly high diffusive capacity of the stomates is intelligible 
in terms of the results of studies upon the principles of diffusion through 
small apertures. The classical investigation of this problem was made by 
Brown and ICscombe (1900), who studied the rate of diffusion of carbon 


TABLE 1 4—DIFFUSION OF WATER-VAPOR THROUGH SMALL OPENINGS UNDER UNIFORM 

CONDITIONS (DA I A OF SAYRE, 19 ^ 6 ) 


1 

Septum 

Diameter ot 
percs, mm. 

Loss of water- 
vapor, grams 

Relative areas 
of pores 

Relative perim¬ 
eters (circum¬ 
ferences) of 
pores 

Relative 
amounts of 
water-vapor 
lost 

i 

2. 64 

-— 

« 655 

1 .00 

1.00 

1.00 


! . 60 

< 5*3 i 

0.37 

0.61 

0.59 

3 

0-95 

0.928 

0.13 

0.36 

o- 3 S 

4 

0. Si 

0.762 

0.C9 

0.31 

0.29 

5 

6 

Q- 7 1 
c 65 

0.672 

0.59° 

0.07 

0.06 

0.27 

0.25 

0.2$ 

0.22 

/ 

H 

o 56 

0 492 

0.05 

0.21 

0. 18 

0 48 

0 455 

0.03 

0.18 

0 17 

9 

0.41 

oJ 93 

0.02 

015 

°>5 

lO 

I 

1 _ 

0 .15 

0 364 

O.OI 

0 <3 

0 14 
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dioxide through tubes of known dimensions (Chap. XIX). They first 
made the important discovery that, if a septum which had been pierced 
with a small circular aperture was interposed across a column of diffus¬ 
ing gas, the rate at which carbon dioxide diffused through this aperture 
was much greater than the rate at which it passed through an equal area 
of the unobstructed tube. 

Since the problem at present under consideration is the diffusion of 
water-vapor rather than carbon dioxide through small apertures, the data 
presented in Table 14 will be used to illustrate more fully the principles 


regarding the diffusion of gases 
through small openings. These data 
were obtained by sealing thin septa, 
through the center of which were 
cut round openings of known 
dimensions, across the circular 
mouths of small bottles which had 
previously been filled to a certain 
level with water, and then deter¬ 
mining the loss in weight of each 
bottle after all of them had been 
kept under uniform conditions for 
the same period of time. 

The results of this experiment 
illustrate two important general 
principles: (1) The quantities of 
water-vapor diffusing through small 
openings in a given period of time 
are proportional (essentially) to 
the perimeters (circumferences) 
and not to the areas of the pores. 



STOMATAL WlOTH.fi 

Fig. 39. Relation between width of 
stomatal pore and rate of stomatal 
transpiration in leaf of birch in mg. 
per 25 cm . 2 leaf area per hr. Data of 
Stalfelt (1932). 


This is shown by the close corre- 

spondence of the figures in the last two columns of Ta ) e . ie 

smaller the pore, the greater the water loss per unit area. The pore in 
septum 2, for example, has an exposed area only slightly more than one- 
third as great as the pore in septum 1, but diffusion t iroug i l is neai y 
two-thirds as great as through septum 1. Similarly, the pore in septum 7, 
with only 5 per cent of the area of the pore in septum 1, nevertheless per¬ 
mits 18 per cent as much diffusion as the pore in the latter septum. 

It has also been found that the diffusion of water-vapor through small 
pores of elliptical cross section is more nearly proportiona o e J’ 
imeter than to their area. A stomate attains almost ,ts max.mum d.ffus.ve 
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capacity considerably before it is fully open (Fig. 39), because the per¬ 
imeter of a stomatal pore does not increase greatly after the aperture 

between the guard cells has once widened appreciably. 

Diffusion of gases through small apertures is much more nearly pro¬ 
portional to their perimeters than to their areas because of the more 
rapid diffusion of the molecules through an opening at its periphery than 
through its center. The concentration of diffusing molecules is much less 
in outward directions from the rim than it is just above the pore. Hence 
the number of molecules escaping through the hole near the rim per unit 
time interval greatly exceeds the number escaping near the center of the 
opening. Reduction in the area of a circular or elliptical aperture results 
in increasing its perimeter relative to its area. Hence in small pores such 
a large proportion of the diffusion is “rim diffusion” and such a small 
proportion is diffusion through the pore centers that measurements sho\s 
the rate of diffusion to be essentially proportional to the perimeters of 

the openings. 

Diffusion of gases from or into a leaf through the stomates involves 
a much more complex system than is represented by a septum pierced by 
a single aperture. Diffusion is occurring, not through a single opening, but 
simultaneously through thousands of minute apertures which are rela¬ 
tively close together. Experiments have been performed in analogous 
physical systems in which multiperforate instead of uniperforate dia¬ 
phragms have been used. The results of experiments on different spacings 
of the pores in a septum upon the rate of diffusion of water-vapor per 
pore and per septum are depicted graphically in Fig. 40 and Fig. 41, 
respectively. 

As shown in Fig. 40, the diffusion per pore increases with increase in 
the distance apart of the apertures, although not proportionately. With 
pores of this diameter (0.3 mm.) nearly the maximum diffusive capacity 
per pore is attained when they are spaced at intervals of 20 diameters. 
In multiperforate septa the molecules diffusing through each aperture 
invade in part the zones into which the molecules passing through neigh¬ 
boring pores would diffuse were each opening the only one in the septum. 
Also, the number of molecules diffusing through each pore is not as great 
as if it were the only pore in the septum because some of those which 
would diffuse through the pore by chance if it were solitary are now 
diffusing by chance through neighboring pores. Hence the diffusion pres¬ 
sure gradient is not as steep through each pore as it would be through a 
single pore, and the rate of diffusion through each pore is correspond¬ 
ingly reduced. The closer together the pores, the less the rate of diffusion 
through each pore. 

The loss of water-vapor by diffusion per septum, decreases with in- 
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crease in the distance between the openings, t.e., with decrease in the 
number of pores per septum (Fig. 41). The decrease in diffusive capacity 
is not, however, in proportion to the reduction in the aggregate area of 
the pores in the septum. For example, when the pores arc spaced 5 di¬ 
ameters apart, their aggregate area is only 3.38 per cent of the septum 
area, yet diffusion through them was 62 per cent of that through an open 
bottle with a mouth of the same area as the septum (compare Table 27). 
Although with decreasing distance between the pores the diffusion per 
pore decreases, this effect is more than offset by the increased number 
of pores per unit of the septum. 



Fig. 40. Relation between wa¬ 
ter loss per pore and distance 
in diameters between pores. 
Data of Weishaupt (1035). 


PCR CENT OF SEPTUM AREA AS PORES 

079 OJ# 



distance in diameters between 


pores. Data of \Vei>haiipt 
(1035). 


The dimensions of the pores (0.3 mm. diameter, 0.071 mm.* area) used 
in the experiments just discussed are much greater than those of the 
averane stomatc. Pore systems in which the individual 1 -ores approach or 
arc within the stomatal range of sizes have still higher diffusivecapac- 
Hies. Huber (1930) found the diffusion through a septum m which h 
pores were 0.05 mm. (50 g) in diameter and occupied 3.2 percent of he 
septum area to be 72 per cent as great as that from an ope B 

■surface of the same area. Similarly Sierp and >o 

fusional water loss through multiperforatc diaphragms in which the pores 
were 10 g, 20 g, or 50 g in diameter and occupied 0.8 per rent of he 
septum a a to be about 70-75 per cent of the water loss from an open 
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evaporating surface of the same area as the septum. Diffusion through a 
multiperforate septum may thus approach, although it never equals, that 

from a freely exposed surface. 

The relatively high rates of water-vapor loss which occur from leaves 
in proportion to the aggregate area of the stomatal pores are thus expli¬ 
cable in terms of the principles of diffusion through multiperforate septa. 
Known rates of transpiration rarely if ever attain the values which cal¬ 
culations based on the principles just discussed indicate to be theoretically 
possible, even whpn the stomates are fully open. Evidently some factor 
other than the diffusive capacity of the stomates is often the limiting 
factor in stomatal transpiration. 

The foregoing discussion of the diffusion of gases through small pores 
has been based on data obtained when diffusion was allowed to occur into 
“quiet” air. Even in so-called “quiet” air, it should be realized that 
considerable convectional movement of air is often taking place. If an 
air current is blowing across the surface of a multiperforate septum, the 
usual effect is an increase in the rate of diffusion through the pores. In 
pore systems within the size and frequency ranges of the stomates of 
most species, however, the effect of such air movement on the diffusion 
rate of water-vapor does not appear to be very great (Sierp and Seybold, 
1929; Huber, 1930). 

In applying the principles of diffusion through small pores to stomates, 
the further complication that the distance from the rim of one stomate to 
the next is variable must be considered (Verduin, 1949). The effective 
diameter of the stomates on tomato leaves, for example, is about 10 mjx, 
and they are spaced about 10 diameters apart when fully open. At this 
spacing there is considerable interference with the diffusion of the mole¬ 
cules through one pore by the diffusion through other pores in its vicinity. 
If these stomates close to half their maximum effective diameter, they 
will be spaced 20 diameters apart, at which distance there is much less 
interference with diffusion through one pore by that through another. 
Decrease in interference during stomatal closure permits the maintenance 
of a higher diffusive capacity when the stomates are partly closed than 
would otherwise be possible. 

Not all movement of gases through the stomates occurs by diffusion. 
In a wind, for example, back and forth bending of leaves causes alternate 
compression and expansion of the intercellular spaces with corresponding 
outward or inward mass flow of gases. Mass flows of gases also undoubt¬ 
edly occur when leaf temperatures (Chap. XI) are rapidly fluctuating. 
This is commonly the situation when wind velocities are variable on a 
bright day, or when leaves are alternately exposed to direct sunlight and 
shade, as on a day with scattered clouds in the sky. With each increase 
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in leaf temperature an outflow of gases through the stomates undoubtedly 
occurs; with each decrease in temperature, an inflow. 

Mechanism of the Opening and Closing of the Stomates. —The degree of 
stomatal opening is influenced both by changes in the turgor of the guard 
cells and by changes in the turgor of the epidermal cells, although the 
former usually play a predominant role. In general, an increase in the 
turgor of the guard cells relative to that of the epidermal cells leads to a 
widening of the stomatal aperture, and vice versa. The greater this turgor 
difference, the wider the stomatal aperture. 

The mechanism of the effect of changes in the turgor of the guard cells 
upon the size of the stomatal aperture varies with the structure, form, 
and position of the stomates. In one type of guard cell, found in many 
different species of plants, the cell wall is thicker on the side bordering 
the stomatal pore than on the side bordering the epidermal cells (Fig. 
38). With an increase in turgor the thinner walls of the guard cells are 
stretched more than the thicker; this causes the thicker-walled sides to 
assume a concave shape and results in the appearance of a gap—the 
stomatal pore—between the two guard cells. Opening of the stomates 
typical of the grass and sedge families (Fig. 370), appears to result from 
swelling of the ends of the guard cells thus separating the abutting walls 
of the middle portion of the two adjacent guard cells. In the sunken 
stomates typical of conifers (Fig. 37 D), opening of the stomates seems 
t.o result largely from a change in the shape of the guard cells as a result 
of an increased turgor which is unaccompanied by any appreciable 
stretching of the walls. These various types of stomatal mechanisms are 
discussed by Copeland (1902). 

The three principal factors which influence the opening and closing of 
the stomates are: (1) light, (2) the internal water relations of the leaf, 


and (3) temperature. 

1. Influence of the Light Factor in Stomatal Opening and Closing.— 
Unless other conditions, to be discussed later, are limiting, the stomates 
of most species open upon exposure to light and close in its absence. Most 
commonly, therefore, the stomates arc open in the daytime and closed at 
night, although there are many exceptions to this statement. The re¬ 
activity of the guard cells to light undoubtedly varies according to spe¬ 
cies. It probably differs considerably in shade species, for example, from 
sun species. Within limits the guard cells appear to react cpiantitativcly 
to the amount of light they absorb. Stomatal opening apparently will oc¬ 
cur in all wave lengths of the visible spectrum, although the influence of 
radiations in the red region appears to be weaker than the influence of 


other wave lengths (Sierp, 1933). 

Stomatal closure upon the cessation of illumination is generally a 
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gradual process and, according to Stalfelt (1929), the greater the quan- 
tity of light which has been absorbed by the guard cells in the course of 
the day, the longer it takes, at least under some conditions, for the com¬ 
pletion of stomatal closure. 

Although several theories have been proposed in explanation of the 
mechanism of stomatal action, as conditioned by light and other factors, 
the only one for which there is any substantial evidence is the osmotic 
theory. This does not, of course, eliminate the possibility that other 
mechanisms may also be operative in this process. The guard cells usu¬ 
ally contain starch, but the quantity present is not constant. Sayre (1926) 
showed that the starch content of the guard cells of dock (Rumex pa- 
tientia) is at its maximum during the night, decreases rapidly during the 
daylight hours, and increases again toward evening. When the starch 
content of the guard cells was high the sugar content was low, and vice 
versa. Similarly Alvim (1949) found that opening of stomates of several 
species as induced by various factors was accompanied by a diminution 

in the starch content of the guard cells. 

The major reaction influencing the proportion of soluble and insoluble 

carbohydrates present which occurs in the guard cells appears to be the 
reversible transformation of starch to glucose-l-phosphate in the pres¬ 
ence of inorganic phosphates (Chap. XX): 

phosphorylaae 

Starch + Phosphate ( - > glucose-l-phosphate 

The enzyme phosphorylase, which catalyzes this reaction, is known to 
be present in the chloroplasts of the guard cells (Ain and Tung, 1948). 
The equilibrium position of this reaction is affected by the pH of the 
medium, being much further to the right at pH values about 7 than at 
pH values of about 5 (Hanes, 1940). The concentration of soluble glucose- 
l-phosphate is thus greater at the higher of these two pH values than at 
the lower. 

Illumination of the guard cells of a number of species has been found 
to result in an increase in their pH; failure of illumination, in a decrease 
(Scarth, 1932; Small et al ., 1942). Scarth, for example, found the pH of 
the guard cells of zebrina to range from 4.0 or less in the dark to between 
G O and 7.4 in the light. There is some evidence that the higher pH of the 
guard cells in the light as compared with the dark may result from a 
reduction in the carbon dioxide concentration within the leaf as a result 
of photosynthesis (Scarth and Shaw, 1951). Whether or not photosyn¬ 
thesis occurs in guard cells is not known with certainty, although chlo¬ 
rophyll appears to be present (Freeland, 1951). Reduction of carbon 
dioxide concentration throughout the leaf could result, however, from 
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occurrence of photosynthesis in the mesophyll cells. In the light, there¬ 
fore, increase in the pH of the guard cells appears to favor conversion 
of starch into glucose-1-phosphate under the influence of phosphorylase; 
in the dark decrease in pH appears to favor the reverse reaction. 

Increase in the soluble carbohydrate concentration of the guard cells 
results in an increase in their osmotic pressure while a decrease in their 
soluble carbohydrate concentration has the opposite effect. That such 
changes in the osmotic pressure of the guard cells .actually occur has 
been shown by many investigators. The diurnal changes in the osmotic 
pressures at incipient plasmolysis of the guard cells and epidermal cells 
of the English Ivy (Hedera helix I are shown in Tig. 42. In general, the 
osmotic pressure of the guard cells is usually relatively high during the 



Flo. 42. Daily variations in osmotic pressure of the guard cells and epidermal 
cells of English ivy (Hedera helix). Data of Beck (1931). 

daylight hours and relatively low at night. The osmotic pressure of 
the epidermal cells does not change appreciably during the covirse ot the 
day and approximates that of the guard cells at night. 

Increase in the osmotic pressure of the guard cells in the morning re¬ 
sults in an increase in their diffusion pressure deficit relative to that oi 
the contiguous cells. Water therefore moves into the guard cells, increas¬ 
ing their turgor, which in turn leads to a widening of the stomatal aper¬ 
ture. Movement of water into the guard cells from neighboring cells 
results in a loss of turgor by the latter which probably facilitates open¬ 
ing of the stomate. Decrease in the osmotic pressure of the guard cells 
leads to the reverse series of processes and results in a narrowing of the 
stomatal aperture. 

2. Influence of the Water Factor in Stomatal Opening and Closing. 

As discussion in Chap. XV shows, development of an internal water def¬ 
icit in plants is of frequent occurrence, especially on clear, warm days. 
A shrinkage in the total volume of water in a plant results in general in 
a diminution in the volume of water in each individual cell, although all 
ce ils will not necessarily be affected equally. Such a decrease in the water 
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content of the leaf cells, not sufficient to induce visible wilting, is called 
incipient wilting. Under such conditions the guard cells usually decrease 
in turgor as a result of osmotic movement of water into contiguous cells. 
Reduction in the turgor pressure of the guard cells as a result of the 
diminution of the volume of water in them will bring about a partial ° 
complete closure of the stomates. There is also some evidence that dim¬ 
inution in the water content of the guard cells induces a decrease m 

the pH of their cell sap and a 

_____ correlated conversion of sugar 

2 ioo - into starch. The resulting de- 

s' crease in the osmotic pressure of 

£ 80 ' / the guard cells may lead to a 

| 6Q _ y* further loss of water from them 

jr / into adjacent epidermal cells. 

< 40 - / Stomates may thus close even 

/ under favorable light and tem- 

| 2 °- perature conditions whenever an 

,_, [ , ! _ internal water deficit of sufficient 

° S temperature 0 . o»c 5 “ 35 magnitude develops in the leaves. 

3. The Temperature Factor in 
Fuj. 43. delation between temperature . , 

' i . • tv.. to the Opening and ( losing o) Mo¬ 
und stomatal aperture in cotton. Data of ' „ x , 

Wilson (1948). mates. —The effect of tempera¬ 

ture upon stomatal opening 

depends in part upon other prevailing environmental conditions. Under 
constant and favorable light and other environmental conditions, stomatal 
opening in cotton I Fig. 43) and tobacco increases with rise in temperature 
up to 25°-30°C. and decreases at still higher temperatures (Wilson, 

1948» In most species stomatal opening tails to occur at temperatures 
approaching 0 C C\ or lower. Relatively high temperatures (about 40°C.) 
induce opening of the stomates of some species in the dark. 

Dcily Periodicity of Stomatal Opening and Closing.—No kind of living 
organism i> more inescapably at the mercy of its environment than a 
rooted plant. A number of the factors in the environment of plants (Chap. 
30) exhibit more or less regular daily periodicities. The most con¬ 
spicuous and physiologically important laetors of which this is true are 
solar radiation and temperature, both soil and air. Other usually less 
significant factors in which daily cyclical variations may occur, at least 
in some habitats, include wind velocity, atmospheric vapor pressure, and 
carbon dioxide content of the atmosphere. Since the rates of plant proc¬ 
esses are conditioned in part by the environmental factors to which the 
plant is exposed, they also exhibit more or less regular daily periodicities. 

Daily cycles of environmental conditions vary greatly from one plant 
* * 


Fn;. 43. delation between temperature 
and stomatal aperture in cotton. Data of 

Wilson (1948). 
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habitat to another, depending upon latitude, altitude, directional expo¬ 
sure, and local climatic conditions. In a given habitat such cycles vary 
from season to season and during any one season with day-to-day fili¬ 
ations in meteorological conditions. Hence the daily periodicity ot an\ 
plant process may vary considerably in pattern from one day to another 
depending upon the prevailing cycle of environmental conditions. In the 
course of this book we shall have occasion to analyze the hour-to-hour 
variations of a number of physiological processes occurring in plants. 
It is desirable, therefore, to choose a definite type of diurnal cycle ot en¬ 
vironmental factors as a reference standard in terms of which to discuss 



daily variations in the rates of various processes. For d«P u ^ e ” 
shall select a “representative summer day as 0111 cri (r,on - . ‘ ‘ , 

aider this hypothetical day to he characterized by a s y w llc ' 
lass or nearly so, a soil with a favorable water supply (•■*., at approxi¬ 
mately the field capacity, Chap. XIII), and a ,naxunum tern era u,e 

in the range of 30°-35°C. (86--95-F.). Furthermore we w 

the cyclical daily variations in solar radiation, air am .o 

Wind velocity, and atmospheric humidity will be -I-"™ of a <la> 
u Pon which the conditions as defined above prevai . 

Hussion we shall refer to these as “standard day conditions ; 

8 uch environmental conditions will actually be approxm 
summer days in moist temperate zone regions. 
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In all plants which have been studied the stomates exhibit a more or 
less regular periodicity of opening and closing. Their behavior, however, 
even on a given plant, may vary greatly from day to day depending 
upon the daily pattern of environmental factors. Not all of the stomates 
on a plant are necessarily open at the same time, and different stomates 
may differ markedly in their degree of opening at a given time. The ag¬ 
gregate diffusive capacity of all of the stomates on a plant must there¬ 
fore be thought of in terms of the two variables of the average degree 
of opening of the individual stomates and the number of stomates which 

are open. >f 

As a rule, under the conditions prevailing on a “standard day, the 

stomates of most mesic species of plants are open all or most of the day¬ 
light period and closed at night, their maximum diffusive capacity being 
attained during the midday hours. The stomates open in the morning 
under the influence of the light factor. Maximum opening of the stomates 
considered in the aggregate usually occurs in less than an hour; some 
individual stomates may attain a maximum degree of opening very 
quickly, often within an interval of a very few minutes. Under standard 
day conditions, however, the water content and turgor of the leaf cells 
usually decrease progressively during most of the daylight period. Be¬ 
cause of this internal water deficit which develops within the leaf, stoma- 
tal closure usually begins during the midday hours. Closure of the 
stomates is often virtually complete before the advent of darkness, be¬ 
cause of the predominant effect of the water factor over the light factor 
fluring the afternoon hours. Although under some conditions stomates 
may close very rapidly, in general, under standard day conditions, their 
closing occurs more gradually than their opening. 

Innumerable other types of daily cycles of stomatal behavior are pos- 
sihh , a few of which will be described briefly. The diffusive capacity of 
the stomates often rises to a mid- or late morning maximum, decreases 
markedly during the midday hours, rises to a secondary maximum during 
the early afternoon, and finally falls to a virtually zero value at approxi¬ 
mately the termination of the daylight period. The stomates apparently 
behave in this way when a water deficit develops in the leaves somewhat 
earlier in the dav than under standard dav conditions. Partial closure 
of the stomates results during the morning hours. The resultant reduction 
in their diffusive capacity permits an iucrease in the water content of the 
leaf, and for a time the stomatal apertures again widen. Subsequently 
the water deficit of the leaf increases again, because of increased tran- 
spirational loss, and the stomates enter upon a second cycle of closing 
which usually continues throughout the remainder of the daylight period. 
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When the soil water supply is distinctly inadequate the stomates usu¬ 
ally open incompletely and seldom remain open for the entire daylight 
period. Although with the advent of daylight the light factor favors 
stomatal opening, especially on clear days, the water content of the leaf 
is so low that opening is seldom complete. Furthermore, the effect of the 
water factor usually begins to predominate over the light factor rela¬ 
tively early in the day, and stomatal closure may be complete by mid¬ 
day or even sooner. During prolonged droughts the stomates generally 
close progressively earlier and earlier each day, and ultimately matinal 
opening may cease almost entirely. 

On cloudy or rainy days, especially if the temperature is relatively low, 
the stomates of most species open less completely than on clear days 
when the soil is well supplied with water. This results principally from 
the ineffectiveness of the light factor in inducing stomatal opening under 
such conditions. Hence opening of the stomates is incomplete and they do 
not remain open as long under such meteorological conditions as on a 

“standard dav.” . 

During much of the time throughout the winter months in the higher 

latitudes the stomates of evergreens remain closed. Although low tem¬ 
peratures are undoubtedly the chief causal agent in maintaining the 
stomates in the closed state under such conditions, the relatively low leaf 
water contents usually prevailing at low temperatures may be a contribu¬ 


tory factor. . 

Nocturnal opening of the stomates has been reported for a number o 

species (Loftfield 1921, Desai 1937, and others). In other species of 
which maize and other cereals may be mentioned as examples, it has 
never been possible to demonstrate the occurrence of night opening o the 
stomates. Apparently this type of stomatal behavior can be brought about 
by different combinations of environmental conditions, and it seems likely 
that the conditions leading to nocturnal opening of the stomates may 
differ according to species. The prevalence of high temperatures, espe¬ 
cially at night, appears quite definitely to be one of the env,momenta 
conditions which favors this phenomenon. The stomates of many tropica 
species remain open during the hours of darkness (Faber 1915). In nor 
era latitudes the near-daylight conditions prevailing during the night 
hours of summer months favor maintenance of the stomates in the open 
condition at night (Stalfelt, 1929). A reduced partial pressure of oxygen 
in the atmosphere has been shown by Scarth et al. (1933 to lead to 
stomatal opening in the dark. This result suggests that a reduced partial 
pressure of oxygen in the intercellular spaces as a result of night respir 
tion may sometimes induce nocturnal opening of the stoma 
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DISCUSSION QUESTIONS 

1. Would you expect the amount of diffusion per unit time through a multi- 
perforate septum to approach more nearly that of an open surface of equal area 
if the gradient of the diffusing gas is steep or if it is gradual. Expla n. 

1 Can the si^e and spacing of the pores in a nmltiperf^ ™ 

be such that the diffusion through the membrane would be equal to that 

an open surface of the same area as the mem rane. ... r cor , n ium 

leaf are 

W P-.. often 

Nf X. "O, usually happen 

to leaves immersed in water drawn from a -M • correlation 

6. What are some of the reasons why thereJ rate of tran5pira . 

between the number of stomates per unit ■ 

tion? 
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The rate of transpiration of a plant or any leaf on a plant varies from 
day to day, from hour to hour, and, frequently, from minute to minute. 
Variations in the rapidity with which water-vapor is lost by plants re¬ 
sult from the effects of environmental factors upon physiological condi¬ 
tions within the plant. The important environmental factors influencing 
the rate of transpiration are: (1) solar radiation, (2) humidity, (3) tem¬ 
perature, (4) wind, (5) soil conditions influencing the availability of 
water, and (6) atmospheric pressure. This last factor is relatively much 
less important than the other five listed. While the general effect of vari¬ 
ations in the intensity or magnitude of each of these factors upon tran¬ 
spiration is well known and has frequently been demonstrated by experi¬ 
mentation, the precise mechanism of the effect of each is not so easily 
amenable to experimental treatment. The following interpretation of the 
mechanism of the effects of these environmental factors upon the rate of 
transpiration is therefore a somewhat theoretical one, but is in accord 
with the experimental data available at the present time. 

Solar Radiation.—This term refers to the visible light and other forms 
of radiant energy (infrared and ultraviolet radiations) reaching the earth 
from the 6un (Chap. XVII). The principal effects of solar radiation upon 
transpiration result from the influence of light upon the opening and 
closing of the stomates. In most of the species of plants which have been 
studied the stomates are usually closed in the absence of light, thus caus¬ 
ing a virtually complete cessation of stomatal transpiration during the 
hours of darkness. Since none of the other environmental factors can 
have any influence upon stomatal transpiration except when the stomates 
are open, light occupies a position of prime importance among the envi¬ 
ronmental conditions influencing transpiration. 

A second important effect of solar radiation upon transpiration operates 
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through its influence on leaf temperatures. This effect will be analyze.! 
later in this chapter. 

Humidity.— Several units are used for designating the humidity condi¬ 
tions of an atmosphere. One of these is the actual vapor pressure of the 
atmosphere. This should not be confused with the saturation vapor pres¬ 
sure (Chap. IX). Since the rates of diffusion and evaporation are influ¬ 
enced directly by the vapor pressure of the atmosphere, this is usually 
the most satisfactory unit in which to express humidity values for physio¬ 


logical purposes. ....... 

A more familiar humidity unit is the relative humidity, which is the 

percentage saturation of an atmosphere. Since, at a given temperature, 
the vapor pressure of an atmosphere is proportional to the concentration 
of water-vapor molecules present, the relative humidity » equal to the 
ratio of the actual vapor pressure of the atmosphere to its saturation 
vapor pressure at the same temperature. For example a saturatedI atmos¬ 
phere at 30°C. has a vapor pressure of 31.82 mm. Hg; its relative hu¬ 
midity is 100 per cent. If only half the amount of vapor is present that 
would be present at saturation at this temperature, t.e if the vapor pres¬ 
sure is 1591 mm. Hg„ then the relative humidity of the atmosphere s 
50 per cent (Table 15). Change in either the vapor pressure or he m- 
perature of an atmosphere will result in a change in its relative hum ht> 
Change in vapor pressure at constant temperature results in a propor¬ 
tionate change in relative humidity. Increase in temperature, unaecom- 
panied by a ehange in the amount of water-vapor P-en. res lsm a 
decrease in the relative humidity of an atmosphere because 0 ‘ he ' “ 
crease in saturation vapor pressure. Contrariwise, decree e in.temper, 
ture of an atmosphere, without any accompanying change in water-vap 

content, results in an increase in relathe umi 1 y. although 

Expression of humidity values in terms of relative 

a common practice, is unsatisfactory for p ysm ogloa ' ' widely 

the same relative humidity, 50 per cent for example, may refer to videly 

different vapor pressures (Table 15) ■ wher eas that for a 

cent at 10°C., the vapor pressure is only 4.0U mm. g ^ di( _ 

saturated atmosphere at the same _ is an index of the 

ference between these two valuc ^ 4 ' bctwcc n an evaporating surface 
steepness of the vapor pressure gradic 

and the atmosphere. For a relative humidity of 50 Per cent at 50 U. 
however, the difference between the saturation P P^ ^ 

evaporating surface and the vapor pressure o evapora- 

46.25 (92.51-46.26). Hence at a^'pUcTmany 0 times more Rapidly at 
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at the same temperature are they an expression of relative differences in 

vapor pressures. . 

In general, the greater the vapor pressure of an atmosphere, other fac¬ 
tors remaining unchanged, the slower the rate of transpiration. When¬ 
ever the stomates are open the rate of diffusion of water-vapor out of a 
leaf depends upon the difference between the vapor pressure in the inter¬ 
cellular spaces and the vapor pressure of the outside atmosphere, since 
the vapor pressure is a measure of the diffusion pressure of the water- 
vapor. Let us suppose that the vapor pressure of the intercellular spaces 
is 31.82 mm. Hg. which is the value for a saturated atmosphere at 30°C. 


TABLE 15 —THE REI.ATION BETWEEN RELATIVE HUMIDITY AND VAPOR PRESSURE AT 

DIFFERENT TEMPERATURES 


Temper¬ 

ature 

Actual vapor pressure (mm. Hg) at indicated relative humidity 

°C. °F. 

0 

10% 

20% 

30% 

40% 

50% 

60% 

70% 

80% 

9 °% 

IOO% 

0 3 2 

0 

0.46 

O. Q2 

i -37 

183 

2. 29 

2.75 

3.21 

3.66 

4.12 

4.58 

5 4i 

0 

0.65 

x - 3 * 

1.96 

2.62 

3 2 7 

3-9 a 

4.58 

5- 2 3 

5.89 

6.54 

IO CO 

0 

0.92 

1.8 4 

2.76 

3.68 

4.60 

5 53 

6.45 

7-37 

8.29 

9.21 

15 59 

0 

1.28 

2. 56 

3 84 

5.12 

6.40 

7.67 

8.95 

10.23 

11:51 

I2.79 

20 68 

0 

1.75 

3. 51 

5.26 

7.02 

8-77 

10.52 

12. 28 

14-03 

15-79 

17-54 

25 77 

0 

2.38 

4 75 

7 - *3 

9. 50 

11.88 

14.26 

16.63 

I9.OI 

21.38 

23.76 

30 86 

0 

3.18 

6.36 

9 55 

ia -73 

1 5 - 9 * 

19.09 

22.27 

25.46 

28.64 

31.82 

35 ’ 95 

0 

4 -92 

8.44 

12.65 

16.87 

21.09 

a 5 - 3 * 

* 9-53 

33-74 

37 9 6 

42.18 

40 IO4 

0 

5 53 

11.06 

16.60 

22.13 

27.66 

33 *9 

38.72 

44-25 

49 79 

55 - 3 2 

45 ,x 3 

0 

7 19 

» 4 - 3 8 

21. 56 

28.75 

35 94 

43-*3 

5 °- 3 2 

57 5 ° 

64.69 

71.88 

50 122 

0 

9.25 

18. 50 

2 7-75 

37.00 

46. 26 

55 5 * 

64.76 

74.01 

83. 26 

92.51 


Such a vapor pressure is frequently attained in the internal air spaces 
of leaves. Let us further assume that at the same time the vapor pressure 
of the atmosphere is only half as great (15.91 mm. Hg.). Such a value 
would be a representative one for a warm summer’s day in the eastern 
United States. In very quiet air the vapor pressure in the neighborhood 
of transpiring leaf surfaces may be greater than that in the atmosphere 
in general but in this discussion it is assumed that there is sufficient air 
movement to prevent any appreciable accumulation of water-vapor in 
the vicinity of the leaves. 

Under the conditions as stated diffusion of water-vapor would occur 
through open stomates at a relatively rapid rate. If the vapor pressure of 
the atmosphere were lowered below this value, the rate of diffusion of 
water-vapor out of the leaf would be increased; conversely, increase in 
the vapor pressure of the atmosphere would result in a decrease in the 
diffusion rate of water-vapor out of the leaf. Similarly, an increase in the 
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vapor pressure of the intercellular spaces would result in an increase in 
the rate of transpiration, whereas a decrease in the vapor pressure of 
the intercellular spaces relative to that of the atmosphere would have the 
opposite effect. On the rare occasions when the vapor pressures of the 
atmosphere and of the intercellular spaces are equal, no transpiration will 

occur, even if the stomates are open. 

Martin (19431 found the transpiration rate of sunflower {Helmuthits 

annuus ) and ragweed (Ambrosia trifida) in the dark, but with open 
stomates, to show a linear relation to the relative humidity of the atmos¬ 
phere at 27° and 38°C. The rate at a relative humidity of 50 per cent, 
for example, was about twice the rate at a relative humidity of 75 per 
cent. These results are in agreement with the foregoing theoretical dis¬ 
cussion, since, assuming a saturation or near saturation vapor pressure in 
the intercellular spaces, which the conditions of the experiment favored, 
the vapor-pressure gradient from the intercellular spaces to the outside 
atmosphere would be about twice as great at 50 per cent relathe lumi 

ity as at 75 per cent relative humidity. 

Temperature Effects on Transpiration.—1. Thermal Relations of Leaves. 

—While leaf temperatures 1 often do not deviate greatly from surround¬ 
ing atmospheric temperatures, the discrepancy between the two is often 
sufficiently great to make it necessary to take it into account m carefu 

experimental work. 

Theoretically the temperature of a leaf may be regarded as conditioned 
by four different influences: (1) thermal absorption, (2) therma emib 
sion, (3) internal endothermic (energy-storing) processes, such as photo¬ 
synthesis and transpiration, and (4) internal exothermic (energy rc ea> 
ing) processes such as respiration. The influence of this last factor upon 
leaf temperatures is practically always negligible and will be disregarded. 
(C/. Chap. XXI for examples in which internally produced heat of res¬ 
piration does influence the temperature of plant organs.) Similarly the 
quantity of energy transformed in photosynthesis is relatively so small 
that it need not be considered in evaluating the factors determining the 

temperature of leaves. 

Thermal emission refers to the loss of heat from a leaf by the processes 
of conduction, convection, and radiation (Brown and Escombe, 1905 . 


‘Leaf temperatures are generally measured by means of thermocouples. A thermo: 
couple is made by twisting together the ends of two fine wires of dissmular met L ^ 
for example, copper and constantan (an alloy of copper an nic c • ,. ontac t 

electrical potential is set up between two such wires brought into intim ■ 

the magnitude of which is very nearly directly proportional to he t^perat ire 
the thermocouple. In actdal practice two junctions are generally uscd ’ one ^ K 
inserted into the leaf blade, the other being kept at a standard temperature usua 
O'C. The difference in potential between the two thermocouples is usually nua.urcd 
with a potentiometer and is an index of the leaf temperature. 
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Thermal absorption refers to the gain of energy by a leaf by these same 
physical processes. 

Heat transmission which is brought about by intermolecular contacts 
is known as (thermal) conduction. The greater the temperature difference 
between a leaf and its environment the more rapidly conduction of heat 
will occur from the leaf to the gases of the atmosphere, if its temperature 
is the higher, or in the opposite direction if the temperature of the atmos¬ 
phere is the higher. 

Whenever loss of heat is occurring by conduction from a leaf to adja¬ 
cent gas molecules of the atmosphere, convection currents (Chap. V) are 
set up in the atmosphere in the vicinity of the leaf. Cooler gas will dis¬ 
place the gas in the vicinity of the leaf surfaces which has become warmed 
as a result of thermal conduction from the leaf. This accelerates the rate 
at which conduction can occur from the leaf. 

Radiation is the transfer of radiant energy across space. The best known 
types of radiant energy are light, infrared radiations (“heat waves”), 
and ultraviolet radiations. Radiant energy is commonly pictured as being 
propagated across space in the form of undulatory waves (see Chap. 
XVII for discussion of another concept of the nature of radiant energy). 
Radiation occurs from the molecules of one body to those of another 
only if the radiating body is at a higher temperature than the receiving 
body. Thus light, infrared and ultraviolet radiation are transferred from 
the sun to the earth. In a like manner a warm stove loses heat by radia¬ 
tion of invisible infrared to its environment. Radiation which occurs 
from leaves is also in the infrared range of wave lengths. 

Leaves exposed to strong solar or artificial radiation usually have tem¬ 
peratures from 2° to 10°C. (sometimes even more) in excess of that of 
ihe atmosphere. Thermal absorption—in this case direct absorption of ra¬ 
diant energy—proceeds under such conditions at a rapid rate. A portion 
of the absorbed radiant energy is dissipated (usually) by transpiration, 
and a portion is lost from the leaf by thermal emission. That part of the 
absorbed energy which is retained by the leaf goes to raise its tempera¬ 
ture. As already shown in Chap. IX, transpiration is usually inadequate 
to dispose of all absorbed energy if the leaves are exposed to strong in¬ 
solation. Under such conditions a considerable proportion of the absorbed 
radiant energy is lost by thermal emission. In-general, the lower the rate 
of transpiration for a given rate of thermal absorption by leaves, the 
larger the proportion of energy disposal which will be accomplished by 
thermal emission. 

On cloudy days the temperature of leaves seldom deviates very greatly 
from that of the enveloping atmosphere. Heat exchanges between a leaf 
and its environment under such conditions probably occur principally by 
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conduction. Similarly, at night the temperature of leaves usually does 

not deviate greatly from that of the atmosphere. 

Leaves sometime have a lower temperature than the surrounding at¬ 
mosphere. This is generally true, for example, for leaves in the shade or 
leaves exposed to sunlight of low intensity which are transpiring fairly 
rapidly. Such leaves are often cooler by several degrees centigrade than 
the atmosphere. It is also possible for leaves to sometimes lose heat en¬ 
ergy by direct radiation to their environment rapidly enough to result 
in a lowering of their temperature below that of the atmosphere (Curtis, 
1936a). This is especially likely to occur on clear nights when the vapor 
pressure of the atmosphere is low. These conditions favor direct radia¬ 
tion from the leaves to the sky, i.e., to the relatively cold gases of the 

upper atmosphere. . 

The temperature of leaves is constantly fluctuating, especially during 

the daylight hours. Minor fluctuations in leaf temperature result largely 
from shifts in wind velocity. An increase in wind velocity facilitates heat 
exchange between the leaf and the atmosphere and hence tends to bring 
the temperature of the leaf more nearly to that of the atmosphere. In¬ 
crease in wind velocity therefore results in cooling a leaf which is warmer 
than the surrounding air. Intermittent sunlight also results in frequent 
shifts in leaf temperature. Each time the sun is obscured by a cloud there 
is usually a distinct drop in the temperature of leaves which had been 
exposed to direct sunlight; each time the sun emerges from behind a cloud 
there is usually a distinct rise in the temperature of such leaves. 

The factors which control the temperatures of other organs of plants 
are in general similar to those which influence leaf temperatures. The 
temperature of fleshy leaves, fruits, tree trunks, and succulent stems such 
as those of cacti may, under direct insolation, often greatly exceed those 
of the surrounding atmosphere. The side of an apple frmt exposed to 
direct sunlight, for example, may have a temperature of from 12 t0 " 
higher than the air temperature (Brooks and Fisher, 1926). Similarly, 
the temperature at the center of cotton bolls exposed to full solar ra na¬ 
tion is commonly 6° to 8°C. above that of the air. The ten T e [ ature ° 
even such an internal tissue shows an immediate and mar e s n wi 
changes in the intensity of solar radiation, such as those caused by in c- 

mittent cloudiness (Anderson, 1940). . , 

2. The Influence of Temperature upon Transpiration Rates.— 1 he e - 
fects of temperature upon the rate of stomatal transpiration can e mo 
clearly analyzed in terms of its effect upon the difference in vapor pres 
sures between the intercellular spaces and the outside atmosp ere en 
ner, 1915). In this part of the discussion it is again assumed tha ic air- 
movement is sufficient to prevent any appreciable accuinu a 
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water-vapor in the vicinity of the leaf surfaces. Suppose that the tem¬ 
perature of a leaf with open stomates and the surrounding atmosphere 
both increase from 20° to 30°C. Unless the leaf is markedly deficient in 
water this will result in an increase in the vapor pressure of the inter¬ 
cellular spaces from approximately 17.54 mm. Hg to approximately 31.82 
mm. Hg, these being the values for saturated atmospheres at 20° and 
30°C., respectively. The atmosphere of the leaf intercellular spaces is in 
direct contact with the relatively extensive evaporating surface of the 
mesophyll cell walls, hence the vapor pressure in the intercellular spaces 
tends to remain in equilibrium with the water in the mesophyll cells. In 
order to simplify this part of the discussion, it will be assumed that the 
atmosphere of the leaf intercellular spaces maintains essentially a satu¬ 
ration vapor pressure for the prevailing leaf temperature. Under many 
conditions, as discussed later in this chapter, it seems certain that the in¬ 
tercellular spaces are not maintained in even a near-saturated condition. 

In the surrounding atmosphere, however, ^apor pressure conditions 
arc very different. On clear days, that is, on the very type of day upon 
which the highest rates of transpiration occur, there is frequently little 
change in the vapor pressure of the atmosphere over land surfaces during 
the course of a single day. 2 Evaporation into the atmosphere is insufficient 
to permit a rapid building up of the vapor pressure toward the value for 
a saturated atmosphere as the temperature of the air increases during 
the day. It might be thought that the process of transpiration itself, oc¬ 
curring on a grand scale from a vegetation-covered area of the earth’s 
surface, would be sufficient to increase the vapor pressure of the lower 
layers of the atmosphere during the daylight hours. The atmosphere is 
so vast, however, in relation to the amount of water-vapor lost by plants 
that, over short periods, transpiration has only a slight effect on its vapor 
pressure except probably in some local habitats m which free movement 
of the air is impeded for one reason or another. 

Increase in the temperature of the atmosphere does result in an increase 
in the speed of the water-vapor molecules present. If the volume of the 
atmosphere remained constant this would result in a small increase in its 
vapor pressure. But even this effect is never fully realized in the atmos¬ 
phere because an increase in temperature also results in an expansion of 

s This statement should not be misinterpreted to read that the vapor pressure of 
the atmosphere is invariable. The magnitude of the vapor pressure of the atmosphere 
varies greatly from day to day and from season to season, depending upon the pre¬ 
vailing climatic conditions. On cloudy or rainy days, the atmospheric vapor pressure 
is generally greater than on clear days during the same season; in the summer months 
it is generally greater than in the winter months, etc. Nevertheless the statement 
made above that on clear, bright days there is often little change in the vapor pres¬ 
sure of the atmosphere is essentially correct (Day, 1917). 
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the atmosphere, entirely or largely offsetting its influence in increasing 
vapor pressure. 

If we assume, for the purpose of our specific example, that the vapor 
pressure of the atmosphere at 20°C. was half that of a saturated atmos¬ 
phere at that temperature—8.77 mm. Hg—then the excess vapor pressure 
of the leaf over that of the atmosphere at 20°C. was 8.77 mm. Hg (17.54 
- 8.77). At 30°C., however, the vapor pressure of the intercellular spaces 
would have increased to about 31.82 mm. Hg while the increase in the 
vapor pressure of surrounding atmosphere would in most situations oe 
so small that it can be disregarded in analyzing the effect of temperature 
upon transpiration. The excess vapor pressure of the intercellular spaces 
over the atmosphere is now 23.05 mm. Hg (31.82 - 8.77) which will re¬ 
sult in diffusion of water-vapor out of the leaf at a rate nearly three times 
as fast as at 20°C. The effect of a rise in temperature therefore is prin¬ 
cipally an increase in the steepness of the diffusion pressure gradient 
(vapor-pressure gradient) of water-vapor through the stomates, and 

hence an increase in the rate of transpiration. 

So far we have considered only examples in which the temperature of 
a leaf and the surrounding atmospheres arc the same. We have already 
noted, however, that the temperature of leaves exposed to direct sunlight 
is usually higher than that of the atmosphere. If the temperature of a 
leaf is increased above that of the surrounding atmosphere by the ab¬ 
sorption of solar radiation, the usual effect is an increase in the magnitude 
of the excess vapor pressure of the intercellular spaces over that of the 
outside atmosphere. At 30°C. under the conditions stated, the vapor- 
pressure difference between the intercellular spaces and the atmosphere 
was about 23.05 mm. Hg. Suppose, however, that, as a result of the ab¬ 
sorption of radiant energy, the temperature of the leaf is 35°C. while 
that of the atmosphere remains at 30°C. Water would evaporate from 
the walls of the mesophyll cells until the vapor pressure in the intercellu¬ 
lar spaces approximates that of a saturated atmosphere at 35 C. (42.18 
mm. Hg). The gradient between the intercellular spaces and the atmos¬ 
phere is therefore increased to about 33.41 mm. Hg (4218 - 8 ™* 
the rate of transpiration is correspondingly increased (Curtis, 1936b). 

The rate of diffusion of water-vapor out of a leaf through the stomates 
is also influenced by temperature. In general, the higher the temperature 
for a given gradient, the greater the rate of diffusion. Because of the low 
temperature coefficient of diffusion (Chap. V), however, this effect is not 
a very marked one and is decidedly secondary in significance as compared 
with the effect of temperature on the steepness of the vapor-pressure 

gradient through the stomates. ._ 

Wind.—The effect of wind upon the rate of transpiration <s far from 
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simple and depends in part upon the other prevailing environmental con¬ 
ditions. Usually, however, increase in wind velocity, within limits, results 
in an increase in the rate of transpiration (Wrenger, 1935). This is usually 
explained by assuming that water-vapor often accumulates in the vicinity 
of transpiring leaves in a quiet atmosphere, especially if they are not 
exposed to direct sunlight. The result of such an accumulation of water- 
vapor is a decrease in the steepness of the vapor-pressure gradient through 
the stomates and hence a decrease in the rate of transpiration. If, how¬ 
ever, the leaves are exposed to a wind, any accumulation of water-vapor 
molecules in the immediate vicinity of the leaf surfaces will be dispersed. 
The effective result will be an increase in the steepness of the vapor-pres¬ 
sure gradient through the stomates, and a consequent increase in the 
rate of loss of water-vapor. 



Fig. 45. Relation between wind velocity and rate of transpiration of sunflower 
expressed as ratio between plants in wind (T,,) and plants in quiet air (T a ). 

Data of Martin and Clements (1935). 

Whenever a temperature differential exists between a leaf and the sur¬ 
rounding atmosphere, convection currents are set up in the gases in the 
vicinity of a leaf which may largely or entirely prevent any accumula¬ 
tion of water-vapor in the immediate vicinity of the leaf. The influence 
of wind in raising the transpiration rate of leaves is probably more effec¬ 
tive, therefore, when they are subjected to such conditions that their 
temperature does not depart appreciably from that of the surrounding 
atmosphere. The swaying of branches and shoots, and the bending, twist¬ 
ing, and fluttering of leaf blades in the wind also contribute to higher 
rates of transpiration in moving than in quiet air. It has been shown ex- 
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perimentally that immobile leaves usually transpire less than similar 
leaves allowed to bend and move freely when both are exposed to wmd 
ofTqual velocity. Such bending and contortion of leaves may increase 
the rate of water-vapor loss in part by compressing the intercellular 
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unlike rates of water-vapor loss from plants of different species growing 
in the same environment. It has proved impossible, however, to draw 
correct inferences regarding the relative rate of transpiration of a plant 
on the basis of its observed anatomical peculiarities. Many species which, 
on the basis of their distinctive structural features, have been judged to 
have a low rate of transpiration, proved upon experimentation to tran¬ 
spire very rapidly when environmental conditions were favorable. 

Certain structural features of plants influence the rates of both stomatal 
and cuticular transpiration. The total leaf surface of the plant is one such 
factor. The distribution and gross morphology of the root system is an¬ 
other. In a habitat where deep-rooted and shallow-rooted plants grow 
side by side, the former may transpire more rapidly than the latter during 
drought periods because their roots penetrate to a soil horizon which still 
contains available water, while those of the shallow-rooted plants are in 
a moisture deficient soil. The completeness with which the soil mass is 
interpenetrated by roots may also influence the rates of water absorption 
and hence of transpiration. Sorghum, for example, has almost twice as 
many fibrous roots as maize (Miller, 1916). Rates of water absorption 
and transpiration can be better maintained, especially in relatively dry 
soils, by plants with the sorghum.type of root system than by those with 
the maize type. For a given kind of plant, a low shoot-root ratio (Chap. 
XXXIII) is more favorable to the maintenance of relatively high rates 
of transpiration than a high shoot-root ratio. 

The rates of cuticular transpiration are undoubtedly held to a low 
value in many species by the cut in layer itself as well as by leaf coatings 
of waxy or resinous substances which are present on many kinds of plants. 
The presence of dead epidermal leaf hairs also contributes to maintenance 
of low rates of cuticular transpiration, but living epidermal hairs have 
the contraiy effect. The presence of dead epidermal hairs on the leaf may 
also have a retarding effect on the stomatal transpiration of some species, 
but Sayre (1920) could find little evidence for such an effect in the leaves 
of mullein (Verbascum thapsus). 

Rates of stomatal transpiration are influenced by the size, spacing, 
distribution, and structural peculiarities of the stomates. In some species 
the stomates are sunken below the general level of the epidermis (Fig. 
37/)). In general, this should result in a slower rate of diffusion than 
through stomates of the nonsunken type because of the greater length of 
the diffusion gradient of water-vapor through sunken stomates. The area 
of the internal evaporating surface of the mesophyll cell walls in pro¬ 
portion to the surface area of the leaf probably has an influence on the 
rate of stomatal transpiration, at least under some conditions. Values 
ranging from 6.8 to 31.3 have been obtained for the ratio of internal 
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exposed surface area to external surface area in leaves of a number of 
species (Turrell, 1936). The ratio is, in general, higher for xeromorphic 
than for mesomorphic leaves, and for leaves of a given species which 
developed under xeric conditions as contrasted with leaves of the same 
species grown under mesic conditions. Turrell (1944) has shown that 
xeromorphic leaves of oleander (Xerium oleander ), with relatively high 
internal-external surface ratios, transpire more rapidly than the meso¬ 
morphic leaves of periwinkle (Vinca rosea), with lower internal-external 
surface ratios. It was also clear from the results, however, that the higher 
internal-external surface area of the oleander leaves was not the only 

factor responsible for their higher transpiration rates. 

The Daily Periodicity of Transpiration.— All plants exhibit a daily peri¬ 
odicity of transpiration rate which varies somewhat with the species and 


<r 

o 

<r 

UJ 

Q. 

</> 

Z 

< 

a 

O 


3000b 


zooor 


lOOOh 



6AM. 


6PM 


6 A.M. 


6 PM. 


6 AM. 


6 PM 


Fro. 46. Daily periodicity of transpiration of alfal | a ° n ^ ^ed 'as 'crammer 

approximately standard-day of Thomas 

hour per 6-foot square plot of alialta 1 

TIill (193/ ). 


is greatly influenced by the environmental conditions tc. which the plant 
is exposed. We shall first consider the transpiration Permd’c.ty upon a 

standard day as defined in the preceding• c conductc d upon 

upon daily variations in transpiration . (Briggs and S hantz, 

plants growing under approximate^ su 
1916; Thomas and Hill, 1937; and others). 

During the hours of darkness the transp.rat.on rate (^^46)^ ge^ 

erally low, and in most species water t0 fl5SUmc that 

regarded as almost entirely cuticular. . , . • snecies unless 

absolutely no stomatal transpiration occurs a mg have 

this is definitely known to be true. In Zhfie in 

already seen, night stomatal 0 P cn,n E conditions. Even in those 

others it occurs under certain enviro < . • *he hours of 

species in which the stomates “"^“Transpirrtion rate shows a steady, 
darkness, a few may remain open. The p hour8 which culminates 
and usually consistent, rise during t) 



17 q FACTORS AFFECTING TRANSPIRATION 

in a maximum rate which is most commonly attained during the early 
hours of the afternoon. 

Following this peak of transpiration, the rate decreases, usually con¬ 
sistently, until the low and virtually steady night rate is attained at ap¬ 
proximately the termination of the daylight period. 

The daily periodicity in the rate of stomatal transpiration in most 
species of plants can be interpreted almost entirely in terms of two vari¬ 
able factors: (1) the diffusive capacity of the stomates, and (2) the 
vapor-pressure gradient between the intercellular spaces of the leaf and 
the outside atmosphere. In analyzing the daily periodicity of transpira¬ 
tion it is the diffusive capacity of the stomates in the aggregate (i.e., all 
of the stomates on a plant) which must be considered. The aggregate 
diffusive capacity of the stomates on a plant on which all of the stomates 
were half open, for example, would be much greater than that for a 
similar plant on which half of the stomates were fully open and half 

fully closed. 

With the advent of daylight the stomates open over a period of time 
which varies in length according to the species and with environmental 
conditions. Some open earlier or more rapidly than others. The initial rise 
in the rate of transpiration in the morning is brought about by the open¬ 
ing of the stomates, resulting in a gradual increase in their aggregate 
diffusive capacity. As each stomate opens a vapor-pressure gradient is 
established through it between the atmosphere of the intercellular spaces 
and the outside atmosphere. During the hours of darkness, under stand¬ 
ard day conditions, the leaf cells increase in turgidity and the intercel¬ 
lular spaces become saturated with water-vapor. Thus, when the stomates 
open in the morning the vapor pressure of the intercellular spaces is at 
the maximum possible for that leaf temperature. This is, on clear days, 
almost always in excess of the vapor pressure of the atmosphere when 
the stomates open, and often considerably so. Hence outward diffusion of 
water-vapor through the stomates usually begins as soon as they are open. 

Once a stomate is well open, minor variations in the size of the stom¬ 
atal aperture have relatively little effect on the rate of water-vapor loss 
through it. The rate of transpiration continues to increase, however, for 
-some time after the stomates, in the aggregate, have attained their max¬ 
imum diffusive capacity. This is because of a gradual increase in the 
steepness of the vapor-pressure gradient through the stomates. As the 
day progresses the temperatures of both the atmosphere and the leaf in¬ 
crease) if the latter is in direct sunlight its temperature is invariably 
somewhat in excess of that in the atmosphere. On clear days, as previously 
described, the vapor pressure of the intercellular spaces usually increases 
relative to that of the atmosphere with a rise in temperature. The steep- 


THE DAILY PERIODICITY OF TRANSPIRATION 


171 


ness of the vapor-pressure gradient between the internal atmosphere of 
the leaf and the external atmosphere therefore usually increases pro¬ 
gressively during the earlier part of the day, and this is the important 
factor accounting for a rise in the transpiration rate once the stomates 
have attained approximately their maximum diffusive capacity. 

Almost from the moment when the stomates begin to open in the morn¬ 
ing, a train of events is set in operation in the plant which ultimately 
causes a reduction in the rate of transpiration. During approximately the 
first half of the day, however, these factors are more than offset by the 
factors resulting in an increase in the rate of transpiration. In most 
plants, while transpiration is occurring rapidly, the rate of absorption oi 
water does not keep pace with the rate at which water-vapor is lost from 
the leaves. This results in a reduction in the water content of the entire 
plant, and especially that of the leaves. Under more extreme conditions 
wilting results, but under standard day conditions the leaves seldom pass 
beyond the stage of incipient wilting (Chap. XV), which corresponds 

only to a partial loss of turgor by the leaf cells. 

In the preceding discussion, in order to simplify analysis of the dy¬ 
namics of stomatal transpiration, we have always assumed that the inter¬ 
cellular spaces are saturated with water-vapor. There arc good reasons 
for believing, however, that with a decrease in the water content and 
turgidity of the leaf cells, that intercellular vapor pressures are reduced 
to considerably less than saturation values. The results of Tlmt (19391 


offer experimental support for such a view. 

The increase in the diffusion-pressure deficit of the leaf cells which 

accompanies a decrease in their turgidity would result in a lowering of 
the vapor pressure of the intercellular spaces, hut this effect is small, the 
decrease in vapor pressure being only about 2 per cent, for example, for 

a rise in diffusion-pressure deficit of 25 atm. 

Of probably greater influence in reducing the vapor pressure ol the 

intercellular spaces is the reduced permeability of the cell walls o watoi 
resulting from the increase in the osmotic pressure of the lc ^ CL ' lls 
accompanies decrease in their water content (Boon-Long, 1941). Such 
reductioi. in cell-wall permeability may prevent passage of water^ »wo 
the walls with sufficient rapidity to permit maintenance of an cqmhhnum 
vapor pressure between the cell sap and the outer surface of the ce alb 
The vapor pressure of the intercellular spaces will be 
reduced, the steepness of the vapor-pressure grac len c w 
cellular spaces and the outside atmosphere decreased and th rat o 
transpiration diminished. The greater the decrease in the water content 

of the leaf, in general, the greater this effect should be. 

During the course of a day, however, the steepness of tm rupor pres 



172 


FACTORS AFFECTING TRANSPIRATION 


sure gradient through the stomates may be decreased in still another and 
perhaps more important way. When the stomates open in the morning 
the vapor-pressure gradient between the saturated internal leaf atmos¬ 
phere and the outside atmosphere is short, being approximately equal in 
length to the depth of the guard cells. As the day advances the rapid loss 
of water-vapor molecules out of the intercellular spaces, perhaps coupled 
with a gradual reduction in the vapor pressure of the cell walls, makes it 
less and less likely that a condition of saturation or near saturation can 
be maintained throughout the intercellular spaces. The zone in which a 
vapor pressure even approaching a saturation value is maintained almost 
certainly shrinks more and more deeply into the intercellular spaces. 
Eventually it may be restricted to a thin layer just above the evaporating 
surfaces of the mesophyll cell walls. This gradual lengthening of the 
vapor-pressure gradient through the stomates is probably an important 
factor in bringing about a reduction in the rate of transpiration during 
the afternoon hours. 

By late afternoon the air temperature and the intensity of the solar 
radiation begin to decrease appreciably, thus inducing a decrease in the 
temperature of the leaf. This lowering of the leaf temperature may further 
decrease the vapor pressure of the intercellular spaces, and hence further 
depress the steepness of the vapor-pressure gradient, since temperature 
changes have very little influence on the vapor pressure of the outside 
atmosphere under standard day conditions. Thus the effect of a reduction 
in the vapor-pressure gradient through the stomates in decreasing the 
rate of transpiration, which first becomes apparent during the midday 
period, continues with augmented effect as the hours of darkness approach. 

Diminution of leaf water content as a result of an excess of transpira¬ 
tion over absorption of water also results in a decrease in the turgor of 
the guard cells. This results in a gradual closure of the stomates. Some of 
the stomates on a plant probably begin to close even before the time at 
which the peak rate of transpiration is attained. In all likelihood stomates 
near the margin or tip of a leaf begin to close before those in the middle, 
siqce the effects of a deficiency of water usually appear first in the 
marginal tissues of a leaf. With increasing leaf water deficits gradual 
closure is induced in more and more of the stomates. As a result there is 
a gradual reduction in the aggregate diffusive capacity of the stomatal 
population of the plant during the afternoon hours. 

The decreasing effects on stomatal transpiration of the diminishing 
steepness of the vapor-pressure gradient through the stomates and of 
gradual stomatal closure probably overlap during most of the afternoon 
hours. The relative importance of these two effects in reducing the rate 
of stomatal transpiration varies with environmental conditions and prob- 
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ably also with the kind of plant. At times one of these factors may limit 
the rate of escape of water-vapor through the stomates, at times the other 
In general, whenever the stomates are appreciably open the steepness 01 
the vapor-pressure gradient largely controls the rate o s oma a ran 
spiration, but as the stomates approach complete closure their d.ffusne 
capacity becomes the controlling factor. It seems pro 1 a > e i 
commonly the former of these two factors usually limits stomatal tran¬ 
spiration during the early afternoon hours under stan arc a> c 
while the latter is limiting during the later hours of the Xtemoon-JB> 
late afternoon complete closure of virtually all t e s oma es 
and stomatal transpiration is terminated. During he ~ hours o 
darkness the rate of water-vapor loss from the plant ,s controlled by 
factors which influence cutieular transpiration. 

Under environmental conditions deviating rom 10SC mav 

tulated in the preceding discussion, transpiration period cmU • 

be entirely different from those shown in Fig. 46. \ anatio , £ 

ture, light intensity, humidity, and soil water supply 
influence both the trend of transpiration penodicit> an 

of the daily water-vapor loss. . f . mata i 

Low temperatures may result in a complete elimination of stomatal 

transpiration by inducing stomatal closure. un _ 

Low light intensities, such as those ” ,s lng ' t ° ma ' t( . s Seldom open 

favorable to stomatal opening in most spe *>•. which thev arc 

completely under such conditions and the P cn0( ( ur urt herinorc the 

open is usually of shorter duration than 

vapor-pressure gradient through the doma - onnrcmblv exceed 

days as on clear days, since leaf temperatures never^pprcciahl^- J 

atmospheric temperatures except "hen (X P°- . i. davs than 

atmospheric vapor pressures arc usually^ '*8 " ^ iaagnitu ,i e of trnn- 
on clear days at the same season of *' J .. re(iuo ed, and transpi- 
spiration under such conditions is usual y g < - . conditions 

ration periodicity curves plotted for plants exposed to such 

usually present a greatly flattened a PP ea '' a "^ factor which causes 

A deficient soil water supply is most con periodicity already 

marked departures from the type of transp A rC( j uc tion in soil 

considered, especially during the summer m • inarc h of tran- 
water content has two pronounced effects upon the da.ly march ^ 

epiration. The total daily magnitude of r ^ewhlt earlier in the day 
peak of the transpiration curve often occurs , gj ncC( even in 

than under conditions of abundant soi wa . f common 

temperate regions, periods of ^creased so.l wajer^uppjy^ ^ ^ ^ 
occurrence during the summer months, a 
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rather than the exception, transpiration periodicity curves of this type 
(Fig. 47) are, for many species of plants, much of the time more nearly 
representative than the curves shown in Fig. 46. 

Internal factors may also be responsible for transpiration periodicities 
of a different trend from those which have already been discussed. In 
some species of plants, as has already been described, the stomates re¬ 
main open to a greater or lesser extent during the hours of darkness. Such 
plants have higher transpiration rates at night than those in which the 
stomates arc closed. In some species of cacti there is a complete inversion 



Fig. 47. Daily periodicity of transpiration of bean (Phaseolus vulgaris) for 3 
successive days during a period when the soil was gradually becoming drier. 

Data of Chung (1935). 

of the usual transpiration periodicity curve, transpiration rates being 
regularly greater at night than in the daytime. This appears to be a 
result of a complete or nearly complete stomatal closure during the hours 
of daylight, while the stomates arc, as a rule, open at night (Shreve, 
1916). 

Seasonal Variations in Transpiration Rates.—In temperate regions tran¬ 
spiration occurs predominantly during the warmer months of the year, 
and especially during those periods of the warm season when the soil 
water supply is abundant. Among the deciduous group of woody peren¬ 
nials. the branches are defoliated during most of the autumn, all of the 
winter, and the earlier part of the spring. Although the twigs and branches 
which remain exposed to the atmosphere are completely encased in corky 
layers of bark and the buds are enclosed within cutinized bud scales, 
some water loss occurs from such species even during the winter months. 
Young twigs lose water-vapor under such conditions faster than older 
ones. Winter transpiration rates of deciduous woody plants are always 
negligible in comparison with summer rates. In most evergreen species 
of either the needle-leaved or broad-leaved type, the transpiration rates 
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do not differ greatly at most times during the winter from the rates for 
deciduous trees at that season (Weaver and Mogensen 1919, Kozlow&ki 
1943). Failure of the stomates to open as a result of the prevalence of 
low temperatures is doubtless one of the causes of low winter transpira¬ 
tion rates in evergreens. The low leaf water contents usually prevailing 
at that season are probably also a factor in maintaining the stomates in 
the closed condition during the winter. 

Mild periods of any considerable duration often have a detrimental 
effect upon evergreen species in regions where a cold climate usually 
prevails during the winter months. The warm air temperatures induce 
stomatal opening, and a relatively high rate of transpiration ensues. The 
water in the surface layers of soil may remain frozen, and thus unavail¬ 
able, during a period of warm air temperatures. Even if none of the soil 
water is frozen, soil temperatures will be low, and this greatly retards 
the rate of absorption of water (Chap. XIV). The combined effect ot a 
relatively high transpiration rate and relatively low absorption rate re¬ 
sults in a gradual desiccation ol the leaves and branches of the plant. 
This diminution in the water content of the aerial organs during warm 
periods in winter is more severe in windy weather and is more likely to 
occur if a sequence of mild days follows immediately after a cold spell. 
If severe enough, this desiccation results in the death of some of the 
branches, or in extreme cases of the entire tree or shrub. I his is one cause 
of the phenomenon known as wniter-killuig. V inter-killing resulting 
from desiccation of the tissues should not be confused with cold injur\ 
resulting from low temperatures, which is a different phenomenon (Chap. 
XXX). 
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DISCUSSION QUESTIONS 

i. Plot curves which would be representative of the daily variations in the 
vapor pressure of the atmosphere: (1) out-of-doors on a perfectly clear summer 
day, (2) out-of-doors on a perfectly clear winter day, (3) in a closed greenhouse 
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well populated with plants on a clear winter clay, (4) out-of-doors on a clear late 
spring day with a heavy dew in the morning, (5) out-of-doors during a summer 
day on which a heavy thunderstorm occurs in the late afternoon. 

2. Why is the air of the California and Arizona semi-deserts considered “dry” 
when it contains approximately the same quantity of water-vapor per unit of 
volume as the “moist” air of the Minnesota lake country? 

3. Cell A has an osmotic pressure of 30 atm. and a turgor pressure of 15 atm. 
Cell B has an osmotic pressure of 30 atm. and a zero turgor pressure. Cell C has 
an osmotic pressure of 30 atm. and the water within it is under a tension of 15 
atm. From which of these cells will water evaporate most rapidly? Least rap¬ 


idly? Explain. ... . 

4. If half the leaves were removed from a plant what effect would this have 

on the rate of transpiration per unit area from the remaining leaves? 

5. Assuming a saturated atmosphere in the intercellular spaces, open stoinatcs, 
and sufficient air movement to prevent accumulation of water-vapor around the 
leaves, which plant will lose water-vapor more rapidly—one in an environment 
of 80 per cent relative humidity and 40°C. temperature or one in an environ¬ 
ment of 80 per cent relative humidity and 20°C. temperature? Explain. 

6. Making the same assumptions as in the preceding question which would 
have the greater effect on the rate of transpiration—an increase in leaf tempera¬ 
ture from 30° to 35°C., or a decrease in atmospheric relative humidity front SO 
to 60 per cent, air temperature remaining at 30°C\? Explain. 

7. The following statement is sometimes encountered: -The rate of tran¬ 
spiration usually increases during the forepart of a summer day because of the 
decrease in relative humidity which occurs during that period. Evaluate. 

8. A well-watered potted plant is growing under conditions of constant light, 
temperature, and humidity in a current of air from a fan. The fan is turned off 
and the rate of transpiration decreases. After a few minutes the fan is turned on 
again and the rate of transpiration is found, temporarily at least, to be higher 

than just before the fan was turned off. Explain. 

9. When exposed to direct . unlight and otherwise identical environmental 

conditions, which will become wi rmer, a thick leaf or a thin one? Explain. 

10. Will the rate of transpiration at night from a plant on which stoinatcs are 

open necessarilv be greater than that from a similar plant under the same con¬ 
ditions in which the stomates are closed? Explain. . 

11. Can transpiration ever occur in a saturated atmosphere. Explain. 
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Most terrestrial plants obtain the water which is necessary for their 
existence from the soil. An overwhelmingly large proportion of the water 
which is absorbed by the roots of land plants is lost in the process of 
transpiration. Smaller quantities are utilized in growth and in photo¬ 
synthesis, and in some species limited amounts of water may be lost by 
guttation. Water must therefore move through the intervening tissues and 
organs from the absorbing regions of the root to the tissues in which it 
is utilized, or from which it passes out of the plant. The process whereby 
water moves through the plant is termed the conduction, transport , or 
translocation of water. 

In herbaceous species and many shrubby plants the distance through 
which water moves in passing from the root tips to the leaves is usually 
not more than a few feet. Even in such plants appearances are sometimes 
deceptive, as some herbaceous and shrubby species such as alfalfa may 
have such deep root systems that some of the absorbed water often 
ascends for distances as great as 20 feet or more before it reaches the level 
of the soil surface. It is in trees, however, that the most striking illustra¬ 
tions of the upward movement of water occur. The tallest tree of which 
we have an authentic record is a specimen of the Coast Redwood (Seqiioia 
sempervirens) which has attained a height of 364 feet (Tiemann, 1935). 
Many other individuals of this species and of several others, including 
the Big Trees ( Sequoia gigantea) of California, the Douglas Fir (Pseu- 
dotsuga douglasi) of the Pacific Northwest, and the Blue Gums {Eucalyp¬ 
tus) of Australia exceed 300 feet in height. Trees ranging from 100 to 
200 feet in height w r ere of common occurrence in the virgin forests of 
eastern North America. Since the root systems of trees always penetrate 
at least a few feet into the ground, the actual vertical distance through 
which at least a part of the water absorbed is elevated is always 
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than the height of the tree. In trees, therefore, water must ascend to 
heights ranging up to nearly 400 feet above the level of water absorption. 

The mechanism by which this feat is accomplished in tall trees has 
been the subject of much experimentation and even more speculation. 
The ensuing discussion of the “ascent of sap” through plants will be 
principally in terms of its movement through trees, because much of the 
experimental work on this problem has been performed on woody species. 
Any explanation of this phenomenon which can be shown to be adequate 
for tall trees should also prove satisfactory for vascular species of lesser 
stature. 

The water which moves through plants is not pure, but almost invari¬ 
ably contains dissolved in it small quantities of inorganic solutes, and 
often organic solutes as well (Chap. XXVII). This dilute solution is often 
called the xylem sap. 

The Path of Water Through the Plant— Water enters the plant mainly 
through the epidermal cells and root hairs at or near the tips of the roots 
and crosses the cortex, endodermis, and a part of the pericvcle before it 
finally enters the lumina of the vessels or trachcids of the root xylem 



Fig. 48. Terminal ion of vessels in the mesophyl! of an apple leaf. 


(Fig. 67). Once in the xylem ducts its general direction of movement is 
upward. The xylem tissue is continuous from just back of the tips of le 
roots, through the roots, into and through the stems, the petioles of leaves, 
and ultimately, usually only after much branching, terminates in the 
mcsophyll of the leaf (Fig. 48). Thousands of vascular bundles may 
terminate within 1 cm.‘ of leaf area. The xylem tissue through which 
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the water moves is thus a continuous unit system within the body of 
the plant. Along most of its course the water moves en masse through the 
vessels or tracheids. From the xylem ducts in the leaves the water passes 
into the mesophyll cells. In the mesophyll it moves from cell to cell, even¬ 
tually most of it being lost from the cells by evaporation into the inter¬ 
cellular spaces. The movement of water through the cells of the root and 
leaf mesophyll must be regarded as integral parts of the process of trans¬ 
location of water. 

Although the great bulk of the water which passes through the plant 
follows the route just described and is lost in the transpirational process, 
small quantities escape this fate. All along the path of its movement small 
amounts of water pass into adjacent living cells and are utilized in cell 
enlargement, especially in the cambium layer. Actively growing stem 
tips, root tips, and fruits also utilize considerable quantities of water, 
principally in the enlargement phase of growth, while chlorophyllous cells 
utilize water in the photosynthetic process. In most species, however, not 
more than 1 or 2 per cent of the water which enters a plant is utilized in 
growth and metabolic processes, the remainder being lost from the plant 
in transpiration. 

That the xylem is the principal water-conducting tissue of plants has 
been recognized at least since the time of the girdling experiments of 
Malpighi in 1671. Girdling (or “ringing”) a stem, so that all of the tissues 
external to the* xylem are removed, does not prevent movement of water 
to organs attached to that stem above the ring. On the contrary, cutting 
through the xylem tissue of a stem results in almost immediate wilting 
of leaves attached to the stem above the ring. 

Anatomy of Stems.—Since the mechanism of the movement of water 
can scarcely be understood intelligently without some knowledge of the 
anatomy of the tissues through which it moves, a brief review of stem 
structure is desirable before proceeding further with a discussion of this 
process. Stems vary greatly in their structure, every species possessing 
some anatomical features which are peculiar to itself. Nevertheless certain 
general patterns of tissue arrangement have been found to prevail, and 
the stem structure of most species approximates one or another of these 
general arrangements. 

The stem anatomy of two representative species is shown in Fig. 49 and 
Fig. 50, which are self-explanatory. The corn stem represents an herba¬ 
ceous monocot type of structure while that of the tulip poplar is typical 
of woody dicot stems. 

The structure of woody stems cannot properly be appreciated merely 
from a consideration of one-year-old stems. The primary tissues of such 
stems develop from tissues formed at the apical growing tip during 
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Fig. 49. Segment of young < 
vascular bundles and parts 
between the bundles is some 
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Fin. 50. Segment of young stein of tulip poplar (Liriodcndron tulipifera) as 

seen in cross section. 


growth of the stem in length Nearly all perennial stems also grow in 
diameter as a result of the development of secondary tissues from the 
cambium. By successive stages of division, enlargement, and differentia¬ 
tion of cambial cells additional layers of xylem (secondary xylem) are 
laid down on the inner face of the cambiuin, and new layers of phloem 
tissue (secondary -phloem) on its outer face (Fig. 51). Secondary growth 
of woody stems is initiated during the first season of their development 
and continues during each growing season thereafter. Hence after a few 
years the great bulk of any woody stem is composed of secondary tissues. 
The apical and lateral growth of woody stems and the relation of these 
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processes to the formation of the primary and secondary tissues of the 
stem are considered in more detail in Chap. XXIX. 

Secondary xylem and secondary phloem also develop from the cambium 
in most herbaceous dicot stems, but in such species the cambium in any 
one stem is never active for more than one growing season. 


The spring-formed xylem tis¬ 
sue, as viewed in cross section, 
is usually distinctly different in 
aspect from that formed later 
in the season. In many angio- 
sperms the “spring” wood 
contains more and larger ves¬ 
sels, and the cell walls are gen¬ 
erally thinner than in the sub¬ 
sequently formed “summer'’ 
wood. In the conifers the 
spring-formed tracheids are 
thinner-walled and of larger 
cross-sectional diameter than 
those formed later in the grow¬ 
ing season. The transition from 
spring to summer wood is often 
a very gradual one. On the 
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other hand, the more open xy¬ 
lem tissues formed each spring 
abut directly upon the denser 
tissues which were produced 
during the preceding summer, 
thus giving rise to an abrupt 
line of demarcation between 
the zones of xylem formed in 
any two successive seasons. The 
result of this growth behavior 
is that a cross section of the 
trunk or a branch of any tree 
appears as a system of concen- 


Fju. 51. Diagram illustrating formation 
of phloem and xylem elements from the 
cambium. (/I) A cambium initial, (B) 
division of cambium cell, (C) outer cell 
resulting from division becomes a phloem 
element, (/)) another division of the cam¬ 
bium cell, (E) inner cell resulting from 
second division becomes a xylem element. 
Actually several xylem or several phloem 
elements are often formed successively. 
Upon maturation most of the xylem and 
phloem elements acquire sizes and shapes 
which are very different from those of the 
cambium initials from which they origi¬ 
nate. 


trie layers, the so-called annual 

rings, each representing an annual increment of growth In rare cases no 
annual rings or more than one annual ring may be pro uc ^ in a season, 
but usually each ring represents the xylem resulting from the activity o 

the cambium during one season (Glock, 1941). 

In many woody species, as the xylem tissues increase in age, important 
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changes occur in the color, composition, and structure of the various 
elements, resulting in the conversion of sapwood into heartwood. As sap- 
wood ripens into heartwood the walls of any remaining living cells of 
the xylem become increasingly lignified, death of these cells soon follow- 
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Fig. 52. Tangential section of a small portion of the wood of a tulip tree (Lino- 
dendron tulipifera). This is a plane section except that the end walls of the vessels 
have been shown in perspective in order to indicate their structure clearly. Most 
of the vessels and fiber tracheitis show in sectional view, but a few show as the 
surface view of the tangential wall. Surface and sectional views of bordered pits 
show in the vessel walls. Simple pits show in the end walls of the ray cells and 
between ray cells. Half-bordered pits show between vessels and ray cells. Adapted 

from a drawing by L. G. Livingston. 


ANATOMY OF STEMS 


185 


ing. The water content of the tissues is generally reduced, and such com¬ 
pounds as oils, resins, gums, and tannins accumulate in the cells or cell 
walls. The darker coloration of the heartwood of most species as compared 
to the sapwood is caused by such accumulations. 

In mature trees the heartwood becomes merely a central supporting 
column surrounded by a cylinder of sapwood which varies in thickness 
from a few to many annual layers, depending upon the species and the 
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Fig. 53. Radial section of a small portion of the wood 

dron tulipifera ). Most of the vessels show « * SU ?T! r Zu^llv in wi-l 
in sectional view. Surface and sectional views o an( j xvlem 

walls. Simple pits show in surface view in the walls of the xylem a> and x>Um 
parenchyma cells. Adapted from a drawing by L. G. Livingston. 
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Fig. 54. Tangential section of a 
small portion of the wood of white 
pine (Pinus strobus). The vertically 
oriented elongated elements are tra- 
cheids. Bordered pits show in sec¬ 
tional view in the tracheid and mar¬ 
ginal ray cells. Simple pits show in 
sectional view in the other ray cells. 
Half-bordered pits show between 
marginal ray cells and other ray cells. 



Fig. 55. Radial section of a small por¬ 
tion of the wood of white pine ( Pinus 
strobus). The vertically oriented elon¬ 
gated elements are tracheids. Bordered 
pits show in face view in the tracheids; in 
sectional view in the marginal ray cells. 
Simple pits show in surface and sectional 
views in the ray cells. Half-bordered pits 
show between marginal ray cells and other 
ray cells. Three rows of marginal ray cells 
show in outline only. 














ANATOMY OF STEMS 


187 


environmental conditions under which the tree was growing. In some 
specie- (apple, elm) the heartwood remains virtually saturated with 
water, while in others (ash) it becomes relatively dry. The water in the 
heartwood of such species as apple and elm appears to be largely static 
and is not directly involved in translocation. 

Coincident with the development of secondary xylem, secondary phloem 
tissues also develop from the cambium (Chap. XXVII). Cork cambiums 



Fio. 56. Perspective diagram illustrating types of pits in white 
strobus): right, full-bordered pit; middle, half-bordered pit, left, .\m\ p 

are also initiated in the bark which produce cork layers. Profound modi¬ 
fications therefore occur in the outer tissues as well as in t it x\ 
woody stems as they grow older. 

A somewhat more detailed concept of the structure o lt ct 8 , 

elements of the stems of angiosperms through which the movement o 
water occurs is presented in Fig. 52 and Fig. 53, w ic represen 
tudinal tangential and radial sections from the xylem of a tulip tree n h 
may be taken as representative for this group of plants. Fig. 54 and g. 
55 illustrate in a similar way the structure of the xylem tissues of the 
white pine-a representative gymnosperm. The following discussion merely 

amplifies somewhat the facts depicted graphical v m ncsc " vessels 
The xylem tissues of the wood of angiosperms art compo.u j g ’ 

tracheids, fibers of several types, wood parenchyma, an xy .' . 

There is a tremendous variability in the proportional distribution and 

arrangement of these tissues according to species. OI -nsnorms 

The most characteristic elements in the xylem > ss ^ e structures 

are the vessels. These are, in general, more or ess u >u cross 

which may extend through many feet of the xylem. n som others 

walls, usually perforated, are of frequent occurrence in vessels in others 
such cross walls are infrequent or lacking. In diameter vessels may range 
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in trees from about 20 [a to about 400 \l. In vines they may be as much as 
700 [t. in diameter. The vessels branch extensively in certain regions of 
the plant, especially at nodes, within the leaf lamina, and in those parts 
of root systems where root branching occurs. 

The vessels of the protoxylem (the first cells of the xylem to mature 
during the ontogeny of a growing stem or root tip) have cellulose walls, 
reinforced by distinctive lignified thickenings, which appear as rings, 
spirals, or other characteristic patterns. The vessels that develop later in 
the ontogeny of any growing tip have lignified, usually pitted walls which 
lack any of the thickenings that distinguish the walls of the vessels of 
the protoxylem. 

Pits occur, not only in all parts of vessel walls which are contiguous 
with other vessels or cells, but also in the walls of the majority of plant 
cells. Three main types of pits, simple pits, bordered pits, and half bor¬ 
dered pits, are found in plant cell walls (Fig. 56; cf. also Figs. 52, 53, 
54, 55). Strictly speaking the term pit refers only to the opening in the 
secondary wall of one cell, the term pit pair often being used to designate 
the two complementary pits of adjacent cells. 

The stages in the development of a vessel, which is a more complex 
phenomenon than the formation of the other elements of the ■wood, are 




Fig. 57. Stages in the development of a vessel in the petiole of celery. (A) en¬ 
larged catnbial cell, (B) young vessel segment showing lenticular thickenings on 
the end walls, ((') end walls still present in vessel segments with spiral thicken¬ 
ings forming on lateral walls, (/)) protoplasm disintegrating in vessel segments, 
spiral thickening on thin portions of end walls, ( E) mature vessel in which the 
end walls have disappeared. Redrawn in part from Esau (1936). 
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indicated in Fig. 57. The original cell resulting from the division of a 
cambium cell increases rapidly in diameter, simultaneously developing 
a rather prominent vacuole. Secondary lignified layers develop on the 
longitudinal walls of the vessel segment following which disintegration 
of the protoplasm and dissolution of the end walls occur. The result of 
this series of processes is the formation of a typical tubular, nonliving 
vessel by the coalescence of a number of vessel segments each of which 
has been differentiated from a single cell originating from a division of 
a cambium cell. In many species, especially of woody plants, vessel for¬ 
mation does not occur in as regular a manner as just described. In many 
such species the ends of the vessel segments overlap and openings develop 
in the side walls near the ends (Fig. 52). 

Tracheids are found in the wood of many, but not all, species of angio- 
sperms. They are typically more or less spindle-shaped cells with thick 
walls which are almost always lignified. As viewed in cross section they 
are usually angular. Mature tracheids contain no protoplasm and hence 
are nonliving like the xylem vessels. The largest tracheids are about 5 mm. 
in length, and about 30 (x in diameter. The walls of tracheids are pitted 
like those of vessels. Tracheids are water-conducting cells, but in most 
angiosperms they are relatively of much less importance as channels 
through which water moves than the vessels. 

Tracheids are developed from the cambium by a process essentially 
similar to that by which vessel segments are formed, except that the size 
and shape of the resulting cells are different, and that there is no coa¬ 
lescence of the individual elements such as occurs in the formation of 

vessels. 

The xylem of the angiosperms also contains fibers of various types, 
which in general are similar to the tracheids in structure except that 
usually they have thicker walls, smaller lumina, and fewer and smaller 
pits. Fiber cells are nonliving and their walls are lignified. Because of 
their thick walls and small lumina the fibers do not play an important 
part in the movement of water through stems. 

The xylem tissue of practically all angiosperms also contains wood 
parenchyma cells which, unlike the elements already described, remain 
alive for some time after their differentiation. Usually death of the wood 
parenchyma cells does not occur until the wood of which they are a part 
is converted into heartwood. Wood parenchyma cells are generally some¬ 
what elongate, and roughly four-angled in cross section. They occur in 
the xylem as vertical series of cells placed end to end. The strands of 
wood parenchyma thus formed often extend for long distances in a verti¬ 
cal direction through the wood. The distribution of the wood parenchyma 
strands throughout the annual ring of xylem tissue varies with the species. 
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In some they are more or less scattered through the xylem, m others they 
occur in the last layer or two of cells which are produced in the summer 
woo d—in other words, at the termination of the season’s growth and in 
others only in contact with the vessels, or in contact with other wood 
parenchyma cells which are themselves in contact with the vessels. # 
All of the xylem elements previously described are onented with their 
long axes in a vertical direction. In addition to this vertical system there is 
also present in the xylem a transverse, radiating system in which the long 
axis of the cells is at right angles to the long axis of the stem. These 
transversely oriented tissue units are known as vascular rays. In the 
stems of most species they are continuous from the outer extremity of 
the phloem through the cambium into the xylem, which they penetrate 
to a greater or lesser distance. The portion of the vascular ray found in 
the xylem is termed the xylem ray or wood ray; that found m the phloem 
the phloem ray. Xylem rays may vary from one to many cells m thick¬ 
ness and likewise in height, certain types usually being characteristic of 
any one species (Figs. 52-55). The cells of the xylem rays, like those of 
the wood parenchyma, usually remain alive until the woody tissue is 
converted into heartwood. The cells of the xylem ray are typically 
elongate and more or less angular in cross section. The xylem rays prob¬ 
ably serve as routes along which lateral movement of water occurs from 
the xylem to the cambium and phloem, and along which translocation of 
soluble foods takes place from the phloem to the living cells of the xylem. 

The living cells are in contact at various points with the strands of 
living wood parenchyma cells. The vertically oriented wood parenchyma 
Btrands and transversely oriented xylem ray strands thus form a unit 
system of living cells within the woody cylinder. Hence there is present 
a continuous intermeshing network of living cells throughout the greater 
mass of nonliving vessels, tracheids, and fibers in the younger portions 
of any woody angiosperm stem. There are probably few if any of the 
conducting elements—vessels and tracheids—which are not in contact at 
one or more points with this continuous system of living cells. 

The wood of the gymnosperms is simpler in its structure than that of 
the angiosperms, this group of woody species also showing, in general, a 
greater uniformity in stem structure than the latter group. The only cell 
types universally present in the wood oi coniferous trees are the tracheids 
and wood ray cells. Wood parenchyma cells arc also present in thfe wood 
of most species of conifers, while in many species tracheid-like fiber cells 
are also present. The most important distinction between the wood of 
conifers and that of angiosperms is the total absence of vessels in the 

former. 

The tracheids are the distinctive element in conifer wood, constituting 
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as they do the great bulk of all the woody tissues present in such species. 
In conifers the tracheids form a densely packed type of woody tissue, 
composed of interlocking cells. Vertically contiguous tracheids always 
overlap along their tapering portions (Fig. 60). Movement of water and 
solutes from one tracheid to another is facilitated by moans of the pit 
pairs in the adjacent walls. Because of the numerous cross walls in a 
xylem tissue composed almost entirely of tracheids, water encounters a 
greater resistance in moving through such tissues than in traversing 
woody tissues which contain vessels. Nevertheless it is interesting to note 
that the tallest trees in the world are conifers in which upward transloca¬ 
tion of water occurs through tracheids. 

Developmental aspects of the xylem tissues are given further consid¬ 
eration in Chap. XXIX. 

Theories of the Mechanism of the Translocation of Water Through Plants. 

—A number of theories of the mechanism by which the ascent of xylem 
sap is brought about in plants have been suggested, and it is probable 
that more than one mechanism is involved in the process. The present 
state of our knowledge justifies a discussion of three possible mechanisms 

of the upward transport of water through plants. 

"Vital Theories/— Although the vessels and tracheids through which 

longitudinal transit of water occurs are nonliving, they are always in 
more or less intimate contact with living cells. Suggestions have there¬ 
fore been made from time to time that the upward translocation of water 
is brought about in some manner by the living cells of the stem, although 
there is almost no direct evidence in favor of such a view. Bose (192d> 
has been one of the most ardent advocates of a “vital” theory of the 


upward movement of water in plants. 

The experiments of Strasburger (1893) demonstrated quite clearly 

that the primary mechanism of the rise of sap in trees operates inde¬ 
pendently of the living cells of the stem. He performed many experiments 
on the movement of water through woody stems in which the hv.ng cells 
had been killed by one method or another. In one experiment,$or exam¬ 
ple, he used a 75-year-old oak tree about 22 meters high. This was sawed 
of! close to the ground and the cut end of the trunk immersed in a solu¬ 
tion of picric acid, which is toxic to living cells. The picnc acid solution 

slowly moved up the stem. Fuchsin, added to the liqui in w nc 1 

end of the tree was immersed 3 days after the picric acid, a so ascended 
to the top of the tree through tissues in which the living cells had been 
killed by the picric acid. Water also continued to ascend through similar 
stems after they had been completely killed by exposure to a temperature 


of 90"C. 

Similar experiments have been performed by 


later investigators, espe- 
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cially Roshardt (1910), Overton (1911), and MacDougal, et al. (1929). 
All of these investigators have confirmed Strasburger’s results that water 
would continue to ascend for some time through stems, segments of which 
had been exposed to one treatment or another which would kill all living 
cells present. 

In all experiments of the type just described, it has been observed that 
the leaves at the top of a stem, part or all of which has been killed, sooner 
or later wilt and wither, although this effect is by no means an immediate 
one, often appearing only after several days. Proponents of the vital 
theories have accepted this as evidence that the living cells of a stem are 
essential for the passage of water through it. Dixon (1914), however, 
considers that this delayed lethal effect on the leaves results from either 
or both of two causes. Killing of the stem tissues often causes the forma¬ 
tion of substances which plug the vessels or tracheids, thus impeding the 
upward movement of water. Furthermore, death of the cells in the treated 
regions causes the release into the conducting channels of toxic compounds 
which, when transported to the leaves, cause death of the leaf cells. There 
is still some doubt, however, whether all of the Tetardation in rate of 
translocation as a result of such experiments can be explained in these 
two ways. The possibility remains that the living cells of the xylem may 
in some way be necessary to the maintenance of the water-conducting 
capacity of the xylem, or even that they may contribute in some way to 
the upward movement of water through stems (Ursprung, 1912). 

Root Pressure.—An exudation of xylem sap often occurs from the stub 
of a freshly cut stem, from the stump of a newly cut tree, or from inci¬ 
sions or borings made into plants. Such exudations result from the devel¬ 
opment of a pressure in the dilute sap of the xylem ducts resulting from 
the operation of an as yet not fully understood mechanism in the roots 
(Chap. XIV)—hence, the term “root pressure.” Guttation in intact plants 
(Chap. IX) also results from root pressure. 

The magnitude of the root pressure in any plant is usually measured 
by means of a manometer (Fig. 58). With few exceptions the xylem sap 
exudation pressures which have been recorded for plants do not exceed 
2 atm., and most of them are less than this. In general, there is no cor¬ 
relation between the pressure with which xylem sap is exuded from cut 
stems and the volume of the flow. In some species, relatively large vol¬ 
umes of sap are exuded under a relatively low pressure; in others, exactly 
the opposite relation may exist. 

Some of the woody plants in which xylem sap exudation occurs are 
the maples, boxelder, walnut, dogwood, hornbeam (Os(n/a), sycamore, 
birches, currant, and grape. Sap flow in the sugar maple and closely 
related species appears to be a special case, however, which is discussed 
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below. Exudations of xylcm sap under pressure from woody plants usu¬ 
ally occur only during the seasons of the year when the plants hear no 
foliage, and most commonly in the early spring months. The popular 
concept of a “rise of sap” in woody plants in the spring is largely based 
on the observation of such phenomena. Exudation of xvlem sap can also 
be demonstrated in many species of her¬ 
baceous plants, if the soil is relatively 
moist. 

The volume of xylem sap exuded under 
the influence of root pressures, although 
usually small, are sometimes very consid¬ 
erable. As many as 28 liters of xylem 
sap have been exuded per day from a large 
paper birch tree. Over 100 ml, of xylem 
sap have been exuded per day from the 
cut stumps of such herbaceous species as 
corn, sugar cane, and squash. 

Although it is undoubtedly true that 
root pressure does, in some species ol 
plants, under certain conditions, account 
for the movement of some water in an 
upward direction through plants, there are 
several reasons why this process cannot be 
considered-to be the principal mechanism 
by which water is moved through plants. 

In the first place, there are many species 
in which this phenomenon has never been 
observed. In the second place, the magni¬ 
tude of the pressure developed is seldom 
sufficient to force water to the tops of any 
except relatively low-growing species of 
plants. Neither is the rate of flow, as it 
occurs in most species, adequate to com¬ 
pensate for the known rates of transpira- 



Fiu. 58. Experimental ar¬ 
rangement for the demonst ra¬ 
tion of root pressure in a potted 

plant. 


pensate or the Known races ui : n tomnerate 

tion. the third p.acc, root pressures are 

regions at least, during the summer 1 surfaces of most 

rapid. During periods of rapid transpiration jf it is sup _ 

plants not only fail to exude sap, but usua . 

plied at the cut surface. . marked sea- 

The trunks of many species of ^^uous trees^ex hit am,^ is 

ZL^^^^Ahe trunks gradual «U up 
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during the fall and spring. Often there is a temporary shrinkage in their 
water content during the winter months, but the main period of diminish¬ 
ing trunk water content occurs in the spring and summer. Some authori¬ 
ties consider that intercellular spaces as well as cells become occupied 
with water during this increase in the water content of tree trunks 
(Priestley, 1930). Root pressure undoubtedly accounts at least in part 
for such seasonal replenishments of the store of water in tree trunks. The 
living cells of the xylem probably play an active part in this process. It 
is possible that there may be slowly ascending streams of water in the 
living cells of the xylem which operate independently of the water col- 



Fig. 59. Seasonal variation in the water content of the trunks of the trembling 

aspen (Popnlus tremuloides ). Data of Gibbs (1935). 

umns in the vessels or tracheids. The trunks of many conifers show no 
marked seasonal variations in water content; this is possibly correlated 
with the lack of appreciable root pressures in such species. 

The Cohesion of Water Theory. —The leading advocate of this theory 
has been Dixon (1914, 1924), who has performed much of the experi¬ 
mental work upon which it is based. A number of other workers, notably 
Askenasy (1897) and Renner (1911, 1915), have also contributed impor¬ 
tant theoretical and experimental evidence in support of this theory. 

Molecules of water, although ceaselessly in motion, are also strongly 
attracted to each other. In masses of liquid water the existence of such 
intcrmolccular attractions is not obvious, but when water is confined in 
long tubes of small diameter their existence can often be demonstrated. 
If the water at the top of such a tube be subjected to a “pull,” the result¬ 
ing stress will be transmitted ail along the column of water, because of 
the mutual attraction (“cohesion”) between the water molecules. Further¬ 
more, because of an attraction between water molecules and the molecules 
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of the wall of the tube ("adhesion”), putting the water column under 
stress does not result in pulling the water away from the encompassing 
wall. The water-conduct)n 6 system of plants constitutes just such a 
system, enclosing continuous, often intermeshing, thread-like columns of 
water which extend from the top to the bottom of the plant. Because 
of the cohesion between water molecules and their adhesion to the walls 
of the xylem ducts, a stress applied at any point in this system will be 
propagated to all its parts. The application of negative stress tautens the 
water columns and creates within them a state of tension, which is the 

equivalent of a "negative pressure.” 

Whenever evaporation is occurring from the walls of the mesophyll 
cells into the intercellular spaces, the diffusion-pressure deficit of the 
water in the mesophyll cell walls increases. Such cell-wa 1 ^s 1( > n 
pressure deficits are primarily imbibitional in origin (Chap. • a er 
therefore moves into the walls from the adjacent protoplasm, resulting 
in turn in a movement of water from the vacuole into the protoplasmic 
layer. The resulting increase in the diffusion-pressure deficit is in urn 
propagated to all parts of the cell. Within the lamina of the leaf, gradients 
of diffusion-pressure deficits, gradually increasing in magnitude from ce 
to cell in the direction in which water is moving, arc established between 
the xylem ducts and the cells from which evaporation is occurring. ater 
therefore moves from a given vessel or tracheid into adjacent cells, which 
results in the development of a tension in the water column occupj mg 
that element of the xylem. Concurrently tensions are similarly develop¬ 
ing in other xylem ducts within the leaf. The diffusion-pressure deficit of 
the water in the xylem elements will be increased by the amount ol th , 
tension. Water under a tension ("negative pressure ) of 13 atm., nr 
example, has a diffusion pressure just 13 atm. less than that of pure "'ater 
at the same temperature which is not under tension (Chap. V1W. ino 
osmotic pressure of the xylem sap is seldom more than one, or at mostj, 
atm.; hence this is not an important factor in determining its d.ffusion- 


Pr Wh7e the fusion-pressure deficits of mesophyll cells probably do not 
commonly exceed their osmotic pressures, it seems likely that there ore 
certain conditions under which they do. Whenever conditions a e such 
that entry of water into the lower ends of the xylem ducts from adjacen 
root cells is greatly retarded, tension, of considerable magni ude develo, 
in the water columns, and movement of water from the xylem condmts 
into the mesophyll cells will he slow or negligible If, under such cond - 
tions, evaporation continues from the mesophyll cells the volume of v-dor 
within them may continue to diminish even after ur urg 
had decreased to a zero value. Under such conditions the walls of 
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cells may be pulled inward as a result of the adhesion between them and 
the shrinking volume of water, and the counter pull exerted by the walls 
on the water will throw it into a state of tension (Chap. XV). 

The tension developed in the conducting elements is transmitted along 
their entire length to their lower termination just back of the root tips 
and probably, very often at least, across the root tissues as well. The 
magnitude of the tension which develops in the xylem conduits is in¬ 
creased by conditions which favor a rate of water loss from the leaves 
considerably in excess of the rate at which water enters the roots from 

the soil. 

The movement of water across the cells of the root from the soil 
into the lower ends of the water-conducting elements must be considered 
as an integral part of the translocation process. At their lower termi¬ 
nations the xylem vessels or tracheids are in contact with the pericycle, 
or more rarely, directly with the endodermal cells of the root (Fig. 67). 
Water moves from the adjacent root cells'into the conducting elements 
because the tension (diffusion-pressure deficit) developed in these ele¬ 
ments exceeds the diffusion-pressure deficit of the cells of the root. When 
the tension in the water columns is relatively low, a gradient of diffusion- 
pressure deficits will be established across the root cells similar to those 
which are established in the leaf mesophyll cells when water is moving 
through them. The diffusion-pressure deficits will increase from cell to 
cell along this gradient in the direction in which water is moving, i.e., 
from the periphery of the root toward the xylem. 

Since, however, the osmotic pressures of root cells are usually lower 
than those of the mesophyll cells (Hannig, 1912), it is probable that the 
tension developed in the water columns often exceeds the highest osmotic 
pressures of any of the root cells through which water passes on its way 
from the soil to the xylem. Under such conditions a tension may develop 
in the root cells in a manner similar to that already described for meso¬ 
phyll cells (Livingston, 19271. 

Regardless of the exact mechanism involved, the essential fact is that 
the development of tensions in the water columns induces the establish¬ 
ment of a gradient of diffusion-pressure deficits, increasing consistently 
from cell to cell across the root from its peripheral cell layer to the con¬ 
ducting elements, and water will move along this gradient from the 
epidermal layer to the xylem tissue. Water enters the peripheral cells of 
a root whenever the diffusion-pressure deficit of water in the soil is less 
than that of the water in the epidermal cells and root hairs in the absorb¬ 
ing zone of the root (Chap. XIV). 

In most trees practically all upward movement of water occurs in the 
vessels or tracheids of a few of the outermost annual rings of the sap- 
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wood and in some species, especially those with ring-porous wood (Huber, 
1935), is almost entirely confined to the outermost ring. As is well known, 
in some species of trees (beech, sycamore, redwood, etc.) the heart wood 
of the trunk may disappear completely by decay. The fact that such 


hollow trees continue to live and thrive is conclusive evidence that the 


heartwood plays no essential role in the 
upward movement of water in such spe¬ 
cies. 

The water-conductive system of 
plants should be regarded as a unit sys¬ 
tem; the individual threads or column 
of water not operating separately, but 
each as a part of a more or less compli¬ 
cated meshwork. Fig. GO illustrates the 
continuity of the water columns through 
a woody tissue, in which part of the 
elements have become blocked with air. 
The air-plugged tracheids or vessel sec¬ 
tions become merely “islands” in the 
meshwork of intact water columns; and 
the capacity of the tissues as a whole to 
conduct water, although somewhat im¬ 
paired by the presence of air in some ol 
the conducting elements, is by no means 

destroyed. 

Magnitude of the Cohesion of Water. 

—If water is to move through the xy- 
lem ducts as postulated by this theory, 
its cohesion must be of sufficient magni¬ 
tude to resist the stresses which arc 



imposed upon it. The maximum height 
to which water ever moves in plants 
does not exceed 400 feet. This height is 
equivalent to about 12 atm. which rep- 


Kio. <i0. Continuity of water 
columns through the wood of a 
conifer. Redrawn from Dixon 

( 1014 ). 


resents the maximum stress which the 

water columns could develop as a result of their own weight. Water, 
however, encounters a certain amount of resistance in moxing iroug i 
the conducting tissues. The greater the velocity of tlu* current of water, 
the greater the resistance which it will encounter. Dixon has showed that, 
at the velocity corresponding to the usual rates of transpiration, the re¬ 
sistance is approximately equal to the pressure requiuc to support " a i r 
to the height of the plant. He used the wood of the yew (Taxus barcata ) 
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for his determinations, in which higher values for resistance would be 
expected than in nonconifers in which most water traverses vessels rather 

than tracheids. For high rates of con- 



Fig. 61. Apparatus for demonstrat¬ 
ing the development of tension in 
a water column as a result of evapo¬ 
ration. (A) Beaker of boiled water, 
(B), glass tube, (C) porous clay 
cup filled with water, (D) capillary 
glass tube filled with water, ( E ) 
mercury layer in bottle. For success¬ 
ful operation it is essential that the 
water in (C) and ( D ) be free of air 
bubbles. This is accomplished by 
boiling the water in (A) and allow¬ 
ing the hot water to siphon through 
the apparatus and out at (B). To 
perform the demonstration the 
beaker (A) is removed from around 
the porous cup (C). 

continue to rise above the level 


duction, Huber (1924) estimates the 
resistance to be several times as great 
as this. Accepting Dixon’s estimates as 
an average value, the minimum ade¬ 
quate value for the cohesion of w’ater 
becomes 24 atm. To this must be 
added the resistance encountered by 
water crossing the tissues of the root 
and the mesophyll cells of the leaf 
which is equivalent to only a few at¬ 
mospheres. The estimated minimum 
cohesion required to lift water to the 
top of the tallest tree is therefore 
about 30 atm. Even if we assume a re¬ 
sistance three times as great as that 
found by Dixon, the required value 
for the cohesion of water becomes 
only about 50 atm. 

Experimentally detennined values 
for the cohesion of water range up to 
350 atm. Dixon obtained values as 
high as 207 atm. for sap centrifuged 
from branches of holly (Ilex aqui- 
folium). The cohesion of water is 
therefore much in excess of the mini¬ 
mum required for the lifting of water 
to the tops of even the tallest trees. 

The existence of cohesion in water 
can be demonstrated by means of an 
apparatus such as that shown in Fig. 
61. The first experiment of this type 
was performed by Askenasy (1897). 
As evaporation proceeds from the po¬ 
rous clay cup, water moves up the ver¬ 
tical glass tube, followed by mercury 
from the reservoir. If the demonstra¬ 
tion is successful the mercury will 
to which it will stand in a barometer. 


The water is now being pulled up the tube, a phenomenon which is pos- 


1 


DEVELOPMENT OF TENSION IN WATER COLUMNS 


199 


sible only because of the cohesion between water molecules. The water 
in the tube is thus thrown into a state of tension which is transmitted 
to the mercury column below it because of the strong adhesion between 
water and mercury. The pull exerted on the water column originates 
at the evaporating surface of the cup, and results from the attractions 
between molecules operative in maintaining numerous microscopic wa¬ 
ter menisci in the pores of the clay cup. Thut (1928) succeeded in 
demonstrating a rise of mercury to a height of 226.6 cm. in such an 
apparatus. This is approximately three times as high as a column of 
mercury will be supported by atmospheric pressure acting alone. AY hile 
the maximum tension developed in the water column in these experi¬ 
ments does not exceed 2 atm., this demonstration illustrates a physical 
system which is analogous to that which is believed to operate in the 

plant. 

Experiments similar to that just described have also been performed 
using small branches or twigs of plants as an evaporating surface instead 
of a porous clay cup. These are attached at the upper end of a glass tube 
in place of the clay cup; otherwise the setup for such an experiment is 
similar to that just described. AA hile it has not been possible to obtain 
as great a rise of mercury in such experiments as when a porous clay 
evaporating surface is used, upward traction of mercury for distances 
well in excess of atmospheric pressure can be demonstrated if a suitable 

technique is followed (Thut, 1932). 

Development of Tension in the Water Columns.— Convincing evidence 
that the water in the xvlem vessels is often in a state of tension has 
been obtained by direct observations of vessels under a microscope. The 
stems of some species of herbaceous plants, especially the cucurbits, are 
especially suitable for such observations. Such a stem of an intact, rapidly 
transpiring plant can be fastened in position across the stage of a micro¬ 
scope and by careful dissection, vessels examined individually. If one 
of the vessels under observation be jabbed with the point of a fine needle, 
an immediate jerking apart of the water column at the point of the 
rupture will be seen to occur, indicating that the water m the intact 

vessel was in a state of tension. 

Interesting evidence that the water in the xylem ducts of woody steins 
is, at times at least, under tension has been obtained by means of an 
instrument known as the dendrograph. This is a self-recording instrument 
which measures variations in the diameters of tree trunks. It is con¬ 
structed so that its sensitivity is very great and its recordings arc not 
influenced by temperature effects upon the instrument. Dendrographs are 
used principally to measure periodic variations in the diameter growth 
of trees. However, even in trees in which diameter growth has ceased, 
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slight diurnal periodic variations in the diameter of trees have been found 
to be of regular occurrence. 

A record of the periodic variations in the diameter of a tree trunk for 
a period of several days at a season when little diameter growth was 
occurring is pictured in Fig. 62. The trunk attained its minimum diameter 
during the afternoon hours, at a period when the water columns are 
undoubtedly under their maximum tension. While under tension the 
water columns become taut and decrease in diameter. Because of the 



Fig. 62. Daily variations in the diameter of the trunk of a Monterey pine 
(Pinus radiata) as measured with a dendrograph. Data of MacDougal (1936). 

enormous adhesion between water and the walls of the ducts, a slight 
contraction occurs in their diameter. Such diurnal changes in the diam¬ 
eter of a tree trunk result from alternate contraction of the vessels or 
tracheids when the water in them is under tension followed by their dila¬ 
tion when the tension is slackened. 

Although there is ample evidence for the existence of tensions in the 
water columns of plants, it is not easy to get good estimates of their exact 
magnitudes. They probably do not ordinarily exceed a few atmospheres 
in herbs and a few tens of atmospheres in woody plants. Under conditions 
of severe internal water deficit, such as may be induced under drought 
conditions (Chap. XV), however, it seems probable that tensions ranging 
up to at least 100 atm. may develop in the water columns of at least 
some species. 

Whenever a root pressure is present the water in the xylem ducts is 
under a positive pressure; at most other times it is under a tension. In 
some plants, especially herbaceous species, daily alternations between 
a positive pressure in the water columns at night and a tension in the 
daytime are a common occurrence whenever the soil water supply is 
abundant. Stocking (1945) has calculated that the physical status of the 
water in the xylem of squash ranges from a positive pressure of about 
1 atm. during the night, to tensions of about 4 atm. on a warm summer 
day and about 9 atm. during wilting. 

Vessels and tracheids normally contain water at the time of their 
differentiation and remain filled with water for varying periods of time 
thereafter. Ultimately most of the water columns in a plant break, but 
this does not happen to all of them at any one time except under such 
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extreme conditions as prolonged drought. Breaking of water columns 
occurs principally at times when they are subjected to high tensions. 

The Relation of Transpiration to the Movement of Water Through the 
Plant.—In most discussions of the cohesion of water theory of the rise 
of water in plants, the relation of transpiration to this process is so 
greatly emphasized that it has come to he almost indelibly associated 
with this concepi. Transpiration is not, however, the fundamental cause 
of the upward movement of water in plants. Water ascends in the xylem 
ducts only when an adequate diffusion-pressure deficit has been created 
in the water of the vacuoles or the walls of cells in organs m the upper 
parts of the plant. Since evaporation of water from the walls of the mes 
ophyll cells is the most frequent cause of such d.ffus,on-pressure defied 
the process of transpiration has been generally linked in discussions wi h 
the mechanism of the ascent of sap. It is only because o >ts effect n 
increasing the diffusion-pressure deficit of the water in the -ne ophe 
cells that transpiration sets in motion the entire tram of w ter Un ugh 
ohe plant. Any other process which results ,n an mcrease n t, diffusion- 

pressure deficit in the cel's at^te^^of-O^t^^^ 

continues during the*night°hours after transpiration has virtually ceased. 
ThU C results rom the residual high diffusion-pressure dcfic, of the 
I f e e fs at the end of the daylight period. Water will conUnue to enter 

these cells until they reattain the maximum turguWy ^ h ^. 

are capable under the conditions prevailing. M. y mm ment ot 

water will occur into any rapidly growing stem tip or a 

binding up of water in certain SZ&Z the 

S* toward such centers of ,-wth activity 

At the present time most ^Tn^ mecllism by 

hesion theory is a correct represc . ts be they the tallest of trees 

which water is tranaported throu^ pi t_, ^ generally agrccd that 

or herbs only a few feet m he g ■ ss at , cast undcr certain 

root pressure plays a mlnor ™ le - s doubt that living cells arc 
conditions and in some species. T i *u e t enn r0 ot 

involved in the phenomena ^eral* — ",1s of ttiexylcn 

pressure, and there is at ^ “ operation of the cohe- 

are in some way essential to the 

“f MlTements of Water Through Plaots^The 

ascends through the wy'em. duets may J ^ ^ yg cm per minutc 

as to be almost imperceptible to P , daily variations in the 

(Huber, 1932) and probably higher. In general, nai.y 
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rate of ascent of water approximately parallel daily variations in tran¬ 
spiration rate (Baumgartner, 1934); the maximum velocity of the tran¬ 
spiration stream is often not attained, however, until several hours after 
the peak of transpiration. 

Lateral Movement of Water.— A cell-to-cell lateral movement of water 
in a radial direction undoubtedly occurs along the vascular rays in the 
stems of most species of plants. In woody stems there is probably also 
a lateral movement of water around the stem in a tangential direction. 
Except in trees in which the “grain” of the wood is twisted, the conduct¬ 
ing vessels on one side of the tree generally connect with branches on 
that side of the tree at their upper extremity, and with roots on the same 
side of the tree at their lower extremity. If no lateral movement of water 
occurs in woody stems, it would be expected that removal of the roots 
from one side of a tree would result in a dearth of water, or perhaps 
even death of the leaves or branches on that side of the tree. 

Experiments have been performed on apple, peach, oak, and other 
woody species in which the roots on one side of the plant were removed 
in an attempt to ascertain whether or not lateral movement of the water 
occurs (Auchter, 1923). Although the water content and growth of the 
plants treated in this manner diminished, there was no difference in the 
moisture content of the leaves on the two sides of the tree. Neither did 
the leaves on the side from which the roots had been removed show 
any greater tendency to wilt on clear, warm days than those on the other 
side. These results indicate very strongly that lateral movement of water 
occurs in woody stems, and that the water conductive system of plants 
acts as a unit system. 

Downward Movement of Water.— There are a number of experiments 
on record which indicate that downward movement of water can occur 
in stems. For example, Dixon (1924) found that, if the tip of the leaf of 
a potato plant be cut off under an eosin solution, the liquid will descend 
through the xylem tissue of the leaf, petiole, and stem, and eventually 
reach the underground organs. In general, however, such an effect is to 
be expected only when an internal water deficit exists in a plant. 

The cohesion theory of the movement of water will account equally 
well for the conduction of water in either an upward or a downward 
direction through the plant. Whenever conditions are such that the diffu¬ 
sion-pressure deficit of the cells of an organ, which is basally situated 
relative to another, is greater than that of the cells of a more nearly 
apical organ, a reversal in the direction of the movement of the water 
will occur (Chap. XV). 

Sap rlow in the Maple. —Sap flow from cuts or bore holes in maple trees 
occurs only during the late winter and early spring months when cold 
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nights alternate with days upon which the temperature rises above 

freezing (Jones, et a!., 1903). The flow is largely or entity confined^ 
the daylight hours. A single sugar maple tree will genet uaual , 

25 to 75 liters of sap per season, the sucrose contcn 

between 2 and 3 per cent. In other woody speiues that exhibit a pre 
foliation sap flow, such as birch and grape, exudation usually will n 
occur until later in the spring at a period when freezing temperdur 
have become uncommon. Xylcm sap flow-in such -'Pec c is a root prepare 

phenomenon and continues during both c a> an< mg \ because sap 

Sap flow in the red maple is not a result of roo pressureb cause sap 

exuded as freely from borings into the xylem o cut t ecs with their ba e 

.immersed in water as from similar borings into of 'M 

late winter and early spring whenever t ic nc e e "' • 19451 Thc«c in- 
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vestigators suggest that the crystallization o v-a cr \ causes 

branches, especially in the outer layers J CO nver- 

upward movement of water pressure of the 

sion of some of the water presen ^ movement of water through 

cells increases, which in turn indue P thc roo ts are 

the xylem. It must also be asstimedthat at ^ ^ whcBf 

in soil layers warm enough to P tcmnerTtures or direct insola- 

under the influence of daytime rising tissues reaches or exceeds 

tion, the temperature of the torn an -- flooded with 

the freezing point, the ice melts and the tissues the outer 

sap. This sap exudes through any sort of an incuion n 

xylem of the tree. 
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DISCUSSION QUESTIONS 

1. What would be reasonable estimates of the tensions existing ini the water 

columns under the following conditions: In a tomato p an in e \ . 

of “standard day”? In a tomato plant just after sunrise on a coolI latei spring 

morning? In a 100-foot oak tree in the mid-afternoon of a ^^dard a> . 
a birch tree in the spring just before development o leave**tart a P£ 

manently wilted tomato plant? In a desert shrubby plant after a period pro 

‘TwheTcobred dyes are applied to .he out ends of .he 'Wer branches on a 
tree they often move downward for considerable distances and out into late J 
branches. Is this phenomenon consistent with the idea * 

water columns? Explain. ,. nf tree' 

3. Is it logical to assume that, since the coast redwood are the tallest of tree.. 

they must have the most effective water-corn uc mg ‘ . . about noon 

/If a branch is sawed off from near the top of a 
on a clear warm summer day, what change if any would occur in the 

tent of the topmost or outermost twig on that branen' , d tree t0 be in . 

5. Suppose the primary xylem of a young root 0 n f f H^ to adja^nt tSues. 

jected with a dye. Assuming ^MsTt Ses"through the tissues of the root, stem 
trace the exact course of the dye a* it rises 

“t iTyou wished .0 iniect a «*».-- in* • 

°twh "™^c S ^s„rc censored .o he a fac.or in .he upward 
movement of water through plants. ve^ols in the stems become 

-»■ “■ -* - a ' r b " b - 

bles gradually disappear. Explain. 
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Most vascular plants are rooted in the soil from which they obtain 
both water and mineral salts. The entrance of water from the environ¬ 
ment into any of the organs of a plant is called the absorption, intake, 
or uptake of water. In most terrestrial vascular species only a negligible 
quantity of water is absorbed through organs other than the roots. Any 
thorough consideration of the entrance of water into roots requires a 
consideration of the properties of soils, particularly as they affect the 
movement of water from the soil into the root. 

Constitution of the Soil. —The soil matrix, which is the habitat pf most 
roots, is an extremely complex system. In general, five different com¬ 
ponents of this system are distinguished: 

1. The Mineral Matter of the Soil .—The parent substance of practi¬ 
cally all soils is rock, of which there are numerous varieties. By various 
weathering processes rock strata are reduced to fragments of diverse 
sizes, and these compose the bulk of most soils. The rock particles in 
soils may vary in size from stones and gravel down to sub-microscopic 
particles of colloidal clay. The mineral portion of the soil is customarily 
classified into several fractions depending upon the size of the particles. 
Such classifications usually disregard the very large particles of the soil 
(rock fragments, pebbles, etc.). The classification now generally used 


is as follows: 

Fraction 

Diameter limits of particles 

Coarse sand . 

2.0 ~o .2 mm, 

0,2 -0.02 

0.02-0.002 

Ijcss than 0.002 

Fine sand. 

Silr. 

Clav. 
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The proportions of the different fractions present are very different in 
different kinds of soils. 

The clay fraction of the mineral portion of soils requires special con¬ 
sideration. Unlike the coarser fractions which are composed of small 
fragments of unmodified rock minerals such as quartz, feldspar, and mica, 
the clay portion of soils is made up almost entirely of the products of 
chemical weathering of the rock minerals and hence differs, not only in 
its physical state, but in its chemical composition, from the particles in 
the coarser fractions. The particles in the clay fraction are flat and 
plate-like. Most of them are of colloidal dimensions and exhibit the 
characteristic properties of colloidal systems. The particles of the clay 
complex, like those of many other colloidal systems, retain water within 
the structure of the particle. On the contrary, the sand and silt particles 
of the soil retain water only on their surfaces. The presence of a consid¬ 
erable proportion of clay in a soil therefore endows it with a high water 
retaining capacity. Changes in the water content of colloidal clay result 
in marked changes in its volume. One result of such changes in volume 
is the commonly observed cracking of a soil rich in clay upon drying. 
The plasticity and cohesiveness of soils are also due very largely to the 

colloidal clay present. . , lt 

Like other colloidal systems colloidal clay is markedly sensitive to 

the influence of electrolytes. The micelles of colloidal clay usually bear 
a negative charge when in contact with water. In the presence of calcium 
ions the individual clay particles are more or less completely flocculated 
into compound particles. Much of the colloidal clay in most soils exists 
as enveloping films around the larger soil particles and is also closely 
associated with organic material in the soil. Flocculation of the clay par¬ 
ticles therefore usually results in the formation of compound granules 
including sand and silt particles and organic matter in addition to the 
clay. These are called soil crumbs. For agricultural purposes a well- 
developed granular structure of the soil is highly desirable because such 
a structure favors both a high moisture-retaining capacity and a good 
aeration of the soil. “Calcium soils," that is, those with a high calcium 
content, are in general the most suitable and most valuable for agricul¬ 
tural purposes partly because calcium favors the development of a crumb 
structure. In the presence of an excess of univalent cations (Na , etc.) 
on the other hand, a greater proportion of the clay fraction 01 the soil 
disperses into its ultimate particles, and the soil has a single-grain struc¬ 
ture. In this condition the soil is in the least desirable structural condi¬ 
tion for agricultural purposes. Many soils contain hydrogen ions in excess. 
Such soils often develop a good crumb structure, but the crumbs are 
less stable than those developed in a calcium soil. The addition of lime 
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improves the physical structure of such soils. The crumb structure of a 
soil, especially in its surface layers, can also be destroyed by purely 
mechanical effects, such as trampling, or beating by heavy rains. 

2. The Organic Matter of the Soil .—Most soils contain organic matter 
which has been derived principally from the partial decomposition of 
plant residues. Small quantities may also originate from animal residues 
and excretions. The proportion of organic matter present may vary from 
almost none as in some sand deposits to 95 per cent or better in some 
peat soils. In ordinary agricultural soils the amount present seldom 
exceeds 15 pci cent. In forests organic matter comes from falling leaves, 
dead branches and trunks of woody plants, roots which die and decay 
underground, and from dead herbaceous vegetation. In grasslands, the 
underground roots and rhizomes as well as the aerial parts of the plants 
all contribute their quota to the organic matter of the soil. In well- 
managed agricultural soils attempts are made to maintain the organic 
matter content by supplying them with organic fertilizers. 

The organic matter is the seat of most of the microbiological processes 
occurring in the soil. One of the most important of these is the oxidation 
of the organic matter, a process resulting largely from the metabolic 
activities of bacteria and fungi, although a limited amount of purely 
chemical decomposition probably also occurs. Under conditions that 
are exceptionally favorable for the activities of microorganisms, the 
organic matter of the soil is oxidized completely and disappears. For 
this reason the organic matter of soils in tropical regions, particularly 
when under cultivation, is very low. Even in more temperate regions 
cultivation of the soils generally results in a rapid reduction in organic 
matter content, principally as a result of the better aeration induced 
by tillage. 

As a result of t lie decay process there is present in most soils organic 
matter in various stages of decomposition. A large proportion of the 
organic material which is added to some soils survives in the form of a 
dark-colored amorphous substance called humus. Humus is composed 
principally of the degradation products of the cellulose and lignin de¬ 
rived from plant remains. The accumulation of humus in soils is furthered 
by conditions unfavorable to the oxidative decomposition of organic 
matter. The decomposition of organic matter in bogs, ponds, swamps, 
and water-logged soils under conditions which are largely, if not entirely, 
anaerobic results in the production of relatively large quantities of 
humus. Where the organic matter supplied is distinctly acid, as under 
coniferous forests, or heath plants, humus usually accumulates as a 
definite layer at the surface. Decomposition of the organic remains 
under these conditions is largely effected by fungi. In prairie and steppe 
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regions, where a grassland vegetation is predominant, humus usually 
accumulates in considerable quantities as a result of the decay of both 
underground and aerial organs of plants. The amount of humus which 
accumulates in any soil depends upon the relative rates of the addition 
of organic residues and of its disappearance as a result of oxidation. Soils 
with a low humus content may result from a sparse contribution of organic 
matter, as in desert or semi-desert regions, or from a rapid oxidation of 
organic material which prevents accumulation of humus even when the 
supply of organic residues to the soil is large. This latter condition ob¬ 
tains in many tropical and subtropical soils. 

Humus is essentially colloidal in its properties and possesses an even 
greater imbibitional capacity than the colloidal clay particles of the soil. 
The plasticity and cohesiveness of the colloidal organic matter, while 
considerably less than of the colloidal clay, are much greater than in t e 
noncolloidal fractions of the soil. Humus is rather inert chemically, its 
influence on the soil being largely a physical one. Its presence in soils 
favors, in general, a looser structure and hence a better aeration. In 
sandy soils, especially, humus increases the water-holding capacity o 
the soil and in clay soils, especially, it decreases the cohesiveness of the 


Since the clay fraction and the humus are the two essentially colloidal 
fractions of the soil and are associated in an intimate physical rcla ion- 
ship, many soil scientists refer to those two soil fractions considered 
jointly, as the colloidal complex of the soil. A large part of this colloidal 
complex occurs, in many soils, as films enveloping the larger soi par ic ‘ 
The relation of these films to the maintenance of the crumb structure 
of the soil has already been mentioned. Many other important soi 
properties are greatly influenced by the colloidal complex. 

3. Soil Water and the Soil Solution ,-Water is universally a com¬ 
ponent of soils, although the amount present may vary from the meres 
trace to a quantity sufficient to saturate the soil, «.e., completely fill aU 
of the spaces between the soil particles. Dissolved m the soil water are 
varying quantities of numerous chemical compounds. These originate 
principally from the dissolution or chemical weathering of thc P a ‘ 
tides, from the decomposition of organic matter, from the acti * 

microorganisms, and from reactions between the roots of p,a " * * . 

soil constituent;. It is thus more accurate to speak of the soil solutron 

than of the soil water, although in discussions of the water^lah°m 0 
soils it is often a common practice to disregard lie presence of solute 
in the soil water. The concentration of the soil solution in any given so 
varies with the proportion of water present. U hile m most soils the soil 
solution is very dilute, in saline and alkali soils it may be so concen- 
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trated that only a few species of plants can survive with their roots in 
contact with it. The principal cations found in the soil solution are Ca + + , 
Mg+ + , K+, Na + , A1+ + + , and Fe++ + (orFe + + ); the principal anions 
are HC0 3 - , H 0 PO 4 ”, Cl — , N0 3 “, SO*—, and Si0 3 —. Other solutes 
too numerous to mention may also occur in the soil solution but are 
usually present only in very low concentrations. Soil-water relations 
receive a more detailed discussion later in this chapter, and the soil 
solution is discussed more fully in Chap. XXV. 

4. The Soil Atmosphere. —The irregularity of the soil particles in size, 
shape, and arrangement insures the existence of a certain amount of 
space among them, even in the most tightly packed soils. This is termed 
the pore space of a soil. The pore space of soils varies from approximately 
30 per cent of the volume of the soil in sandy soils to about 50 per cent 
of the volume in clay soils, or even higher in soils which are very rich 
in organic matter. More important from the standpoint of plants than 
the total pore space is the relative proportion of large and small pores. 
A soil in which the pore space is about equally divided between large 
and small pores is a more favorable environment for the roots of most 
kinds of plants than one in which most of the pores are large or in which 
most of the pores are small. In such a soil the large pores permit adequate 
drainage and aeration, while the small pores permit considerable capillary 
retention of water. The pore space of any given soil depends upon the 
physical and chemical conditions to which the soil is subjected. Condi¬ 
tions favoring a crumb structure of a soil, for example, usually result 
in an increase in its pore space. The interstitial spaces of a soil may be 
occupied entirely by gases, as in desiccated soils, entirely by water, as 
in saturated soils, or, as in most usually true, partly by water and partly 
by gases. The relative proportions of water and gases present in any 
given soil vary, depending upon the water content of the soil. 

In well-aerated soils the soil atmosphere often does not deviate greatly 
in the proportion of gases present from the atmosphere proper. Oxygen 
concentrations in the soil atmosphere may range from approximately 
the usual atmospheric concentration down to near-zero values. Very 
low oxygen concentrations, however, are seldom found except in exces¬ 
sively wet soils. Concentrations of carbon dioxide as high as 10 per cent 
are not uncommon in some soils, and even higher values have occasionally 
been found. The highest concentrations of carbon dioxide in the soil 
atmosphere usually occur during the late spring and summer months. 
Except in very dry soils the soil atmosphere is usually saturated with 
water vapor or nearly so. 

5. Soil Organisms. —The soil flora includes bacteria, fungi, and algae. 
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The bacteria are generally the most abundant of all the living organisms 
present in any soil. Among them are the nitrifying, sulfofving. nitrogen¬ 
fixing, ammonifying, and cellulose-decomposing bacteria. The bacteria 
accomplishing the oxidative decomposition of cellulose and similar com¬ 
pounds are the most important agents in the formation of humus. The 
numbers of bacteria present vary greatly from soil to soil, and in any 
one soil vary with seasonal and other fluctuations in soil conditions. 
Most soils contain between two million and two hundred million indi¬ 
vidual bacteria per gram of soil. The number of bacteria decreases rapidly 
with increasing depth, subsoils being sterile or practically so. In general 
an abundant representation of most species of bacteria is favored in 
soils by warm temperatures (35°-40°C.), good aeration, and a good but 
not superabundant water supply. Some species of bacteria, on the other 
hand, are anaerobic and thrive when aeration of the soil is deficient. 
The denitrifying bacteria and certain of the nitrogen-fixing bactena 

(Clostridium spp.) are examples of anaerobes. 

Fungi are, in general, most abundant in soils of acid reaction In such 

soils they largely replace bacteria as agents of decomposition of organic 
matter. The fungal components of mycorrhizas (Chap. XXIV) are also 

important soil organisms. . 

The soil fauna includes protozoa, nematodes, earthworms insects, 

insect larvae, and burrowing species of the higher annuals. The earth¬ 
worms are generally credited with having the most important effects 
on soil structure, at least in many soils. Their activities result principally 
in a general loosening of the soil, which facilitates both aeration and d - 
tribution of water. Many of the other so.h animals have similar effects 

on the structural organization of the soil. 

Soil-Water Relations under Field Conditions.-In a region of moist cli¬ 
mate if a hole is dug or bored into the ground at almost any place where 
Zm is deep enough, a level at which the soil - comply — d 
with water will be encountered at some depth or other. M ater « ^mt 
in this hole up to this level of complete saturation which is e d d the 
water Me. In river valleys or in close proximity 'to largeM od s o 
water the water table will usually he reached at a .‘cphofonya few 
feet under the soil surface. Even in regions of and climate ‘here a 
some local situations in which a water tables P^ont. The depth of 
the water table in any locality usually fluctuates, sometimes eery mark 
edly wHh seasonal and periodic changes in the relative rates of rainfal . 
:^::Znsp,ratiL, and other factor, 

soil layers sometimes impede downwarc ^"/tables which may he far 
to cause the development of temporary 
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above the level of the true water table. Such temporary water tables 
have essentially the same effects on soil-water relations as true water 
tables, except that their influence is often only a transient one. 

For many years an important role was ascribed to the capillary rise 
of the water from the water table into the soil above in maintaining 
the moisture conditions within that soil. Recent investigations have 
shown, however, that the importance of this source of water in soils has 
been overemphasized. Experiments upon the rise of water through col¬ 
umns of soil indicate that water seldom rises through the soil by capil¬ 
larity from the water table at an appreciable rate for heights of more 
than a few feet (Keen, 1928). In a typical loam soil the absolute max¬ 
imum capillary rise of water is about 8 feet (Shaw and Smith, 1927). 
Not only is the height to which water moves in a soil by capillarity much 
less than it was once thought to be, but the actual rate of movement in 
most soils is very slow. 

In many soils the water table lies so far below the soil surface that it 
has little or no effect on the soil moisture conditions in the soil layers 
which are penetrated by the roots of most plants. Generally speaking, 
even in loam or clay loam soils, a capillary rise of water from a zone of 
complete saturation is probably ineffective in providing the roots of most 
species of plants with any considerable part of the water which they ab¬ 
sorb unless the water table is within about 15 feet of the surface. Some of 
the more deeply rooted species may obtain some water from a water table 
located at depths as great as about 30 feet, but the presence of a water 
table at greater depths than this is a negligible factor in supplying the 
roots of any species of plants with water. A capillary rise of water from 
a water table is usually an important source of water for plants in such 
locations as river bottomlands, or in fields or forests in close proximity 
to ponds or lakes. In many and perhaps most agricultural soils in moist 
climate regions plants obtain some water from the water table at least 
during the earlier part of the growing season. However the widespread 
practice of drainage of agricultural regions has often resulted in such a 
marked lowering of the water table as to reduce greatly the possibility 
that capillary rise of water from below will supply crop plants with any 
significant part of the water which they absorb. 

The other important source of soil water is-that part of the precipita¬ 
tion—usually rain, although often melting snow or ice—which percolates 
downward into the soil. In dry regions this is the only source of water 
naturally available to plants. Even in more humid regions this is the 
principal or only source of available soil water in most soils during the 
drv season of the year. In many dry regions irrigation is an important 
way in which water is supplied to crop plants. The percolation behavior 
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of irrigation water is essentially similar to that of the water from natural 
precipitation. 

Let us now consider how percolating water becomes distributed in a 
soil We will assume that the soil under consideration is relatively dry, 
ie that its water content is substantially below the field capacity (see 
later), and that it is essentially homogeneous in structure to a depth of 
a number of feet. Furthermore, we will assume that the water table is so 
far below the soil surface that it has no effect on soil-water conditions 

in the upper layers of the soil. 

Let us now assume that 2 inches of rain falls on this soi . After an ap¬ 
proximate capillary equilibrium has been attained the soil will be mois¬ 
tened to a certain depth which will vary greatly depending upon its 
porosity and other properties. In general, the depth of this moist blanket 
of soil will lie within a range of a few inches m heavy clay soils to perhaps 
2 feet in very sandy soils. In this hypothetical example let us assume that 
the soil has been moistened to a depth of one foot. The rain that enters 
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the soil through its surface layer increases its water content sufficiently 
so that capillary distribution of water within the soil begins, capillary 
movement under such conditions being in the downward direction. The 
force of gravity also has an influence, but under the conditions as pos¬ 
tulated it is so small in comparison with the capillary forces at work that 
it may be disregarded. As the water becomes distributed through a soil 
the water films gradually become attenuated until eventually capillary 
movement of water becomes negligible. When this attenuation of the soil 
water has reached its limit, water is believed to occupy only the smaller 
interstices in the soil. 

The depth of this moist blanket of surface soil will depend, therefore, 
upon the limit to which water can be transferred in the downward direc¬ 
tion by capillary movement. Furthermore, the water content of this moist 
layer of soil will be approximately uniform, and the boundary between 
it and the zone of drier soil below will be fairly sharp (Fig. 634). The 
attainment of this condition has required the movement of water until 
it comes to an approximate equilibrium with the capillary and gravita¬ 
tional forces influencing its translocation through the soil (Veihmeyer 
and Hendrickson, 1927). 

Following Viehmeyer and Hendrickson (1931) we shall use the term 
field capacity for the water content of the moist layer of soil after capil¬ 
lary movement of water has become negligible. Most soils reach their 
field capacity within a period of two days or less after a rain or irriga¬ 
tion, unless a water table is present within a few feet of the surface. It is 
important to realize that a soil at its field capacity is far from being 
saturated. Field capacities range from about 5 per cent in very sandy 
soils to about 45 per cent of the dry weight in clays. 

Let us now assume that another 2 inches of rain falls on this same soil 
before any appreciable amount is lost from its upper layers by evapora¬ 
tion or transpiration. After a new approximate capillary equilibrium has 
been attained the upper foot of soil will not have increased in water con¬ 
tent, but a layer of the soil approximately 2 feet in depth will now be 
moistened up to its field capacity (Fig. 63 B). In other words, addition of 
a second increment of water equal in volume to the first docs not increase 
the water content of the already moist layer of the soil above its field 
capacity, but results, because of further capillary movement, in raising 
to its field capacity a second layer of soil, lying directly under the zone 
which had been moistened by the addition of the first increment of rain, 
and approximately equal to it in thickness. Although the exact mechanics 
of the distribution of water under these conditions is probably more com¬ 
plicated, the effect produced is as if the second increment of water simply 
flows through the moist blanket of soil under the pull of gravity, after 
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which it is distributed to the dry soil layer underneath by capillarity 

‘“^eroinfalls would thus continue to deepen the layer of sod 
which has been moistened up to its field capacity. If . h jaterta . 
not too deep and if sufficient rainfall penetrates the so, not, °° 0 

which is utilized by plants growing thereon, eventually the ent re soil 
from its su ace down to the water table will be moistened to its field 
Sc£. A zone several feet in height just abovethe wate,^may^be 

enriched somewhati above ^ is applied to the 
from the water table (Fig. 630. 1 has attainc d its 

soil, after the entire soil mass down to the wa 

field capacity, this water percolatesdown through ^-^"^ndi- 
fluence of gravity and becomes a P rcgions at lcas t during 

toons obtain in many of the soils water ta hle is not lo- 

the wetter seasons ° f the downward percolation of water to the 
cated at too great a depth This fluencing its depth below the soil 

water table is an important facto from season to season, 

surface, which usually fluctuates cons. F situation, that 

In the preceding discussion only the snmplest^,, ^ ^ consist 

of a homogeneous soil, has been c s . j eac h w ith more or 

of a vertical succession of several d.t.nct ^ 

less distinctive physical and ohemmal^prop ^ ac(ivitieSi at 

tinued disturbance of a soil by P slratification usually persists. 

least some semblance of the o g original structural 

In the horizons below those reached by the P o*h 

organization of the soil is usually main am^ P^ homogcncous within 

the individual horizons of a .o H may have a distinct field 

themselves, each such horizon in 6 different horizons, even 

capacity of its own. The water co^ent^of^ the^ ^ ^ ^ ^ at . 

after an equilibrium in the capil W 

tained, may therefore be very differ* n . underlying soil often 

A somewdiat erratic distribution «, rainfall to» under* ^ ^ ^ 

results from cracks or channels * i (lrying , sometimes to depths 

agency or another. flow of water to a 
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Laboratory Measurements of Soi 
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water relations of soils has also been approached from the standpoint of 
laboratory measurements. All such measurements of soil-water relations 
are open to the criticism that the soil as used in the laboratory does not 
retain the same structural relationships which it possessed in the field. 
Nevertheless, laboratory measurements on soil-water relations, made ac¬ 
cording to usual procedures, yield, with most soils, results close enough 
to those obtained with undisturbed soil samples to be very useful. Only 
several of the more significant of such measurements will be described. 

1. Water Content. —The water content of a soil is commonly expressed 
as the percentage of water present on the basis of the dry weight of the 
soil. Samples of soil are brought from the field in closed containers, 
weighed, and dried to constant weight at (usually) 105°C. The loss in 
weight represents the water which was present in the soil. Measurements 
of the water content of soils without regard to the physical status of the 
water present are of little significance. Laboratory determinations of the 
water content of soils under certain specified conditions, as in measure¬ 
ments of field capacity, moisture equivalent, and permanent wilting per¬ 
centage (see below), on the other hand, yield data of considerable value 

in interpreting the water relations of soils. 

2. Field Capacity .—Reasonably accurate estimates of the field capacity 
of many soils can be made by a relatively simple laboratory procedure. 
The soil is first air-dried and then tapped into place so as to nearly fill a 
tall glass cylinder. A small quantity of water is then poured on top of 
the soil and the cylinder capped to prevent evaporation. The water will 
move slowly downward through the soil but, after two or three days, 
further downward movement will have virtually ceased. The water con¬ 
tent of the upper, moist part of the soil column is then determined by the 
usual method of oven-drying; this, expressed on the basis of the dry 
weight, is the field capacity. If so much water is added that the entire 
soil column is moistened from top to bottom, the determination is in¬ 
validated (why?) and must be repeated using a smaller quantity of water. 

3. Moisture Equivalent.— The moisture equivalent is defined as the 
percentage water content that a soil can retain in opposition to a pull 
one thousand times that of gravity (Briggs and McLane, 1907). It is 
determined by placing samples of the soil in especially designed cups with 
a perforated bottom and whirling them in a centrifuge for (usually) one- 
half hour (Veihmeyer et al., 1924). This displaces all of the more loosely 
held water; that retained by the soil is determined by the usual method 
of oven-drying, and expressed as a percentage of dry weight; this is the 

moisture equivalent. _ # . 

Although the moisture equivalent of a soil is an arbitrary value, in 

many kinds of soils it has been found to approximate the field capacity 
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very closely The princip.il utility of this measurement therefore, has 
b 7 „ that of a quick laboratory method of 

field capacity of a soil. However, the correspondence ^t--thesetno 
values is close only in soils of intermediate properties in sandy or h 7 
clay soils the divergence between the field caP acl V k d 

alent is often considerable .Veihmeyer 

Lewis, 1934; Browning, 19411. Hence eonsKlerable eautmn must he «er 

cised in accepting moisture equivalentsas describc d measure- 
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ing in it, the value varies greatly with the type of soil. The percentage of 
water remaining in a soil when permanent wilting of the plants growing 
in it occurs ranges from approximately 1 per cent in some sands to ap¬ 
proximately 25 per cent in heavy clays. 

According to Caldwell (1913) and Shive and Livingston (1914), a 
greater percentage of water is left in the soil at permanent wilting if the 
plants are transpiring rapidly than if they are transpiring slowly. Later 
investigations by Veihmeyer and Hendrickson (1934) and Furr and Reeve 
(1945), however, indicate that the permanent wilting percentage is not 
materially affected by the rate of transpiration of the test plants. In gen- 


TABLE 1 6 —RELATIVE WILTING PERCENTAGES FOR DIFFERENT SPECIES OF PLANTS (DATA OF 

BRIGGS AND SHANTZ, 


Species 

Relative 

wilting 

percentage 

Species 

Relative 

wilting 

percentage 


i-°3 

0.994 

0.995 

1.03 

1.04 

1.06 

1.05 


0.99 

1.06 

1.05 
x .06 

°-99 

1.10 

1.06 

Wheat 

Potato. 


Buckwheat. 

(A/kifa r»tf » Hnv^r 

Red beet. 

YY m wC 5WCCI LlUVCi •••••••.. 

R er 1 rlnvi^r 


Tomato.. 

Hydrophytes (several species). . 
Xerophytes (several species). . . 

Cotton...... 



The value of the wilting percentage for each species was determined by calculating the 
ratio of the individual determination to the mean of all determinations made with that 
soil. The values given in this table are the average mean ratios for a number of deter¬ 
minations on each species. 


oral, this quantity appears to be controlled largely by soil conditions and 
is only slightly affected by the species used or by the climatic conditions 
to which the plants are exposed. 

The significance of the permanent wilting percentage lies in the fact 
that it is the percentage of soil moisture below which no growth of a 
plant occurs. Wilted plants continue to reduce the water content of a 
soil, but at such a slow rate that restoration of turgidity is impossible 
because the rate of transpiration even from a wilted plant exceeds the 
rate of absorption of water from a soil at its permanent wilting percentage 
or lower. From a physiological viewpoint the permanent wilting per¬ 
centage is probably the most significant index of soil-w’ater conditions 
since it appears to be a relatively stable value for a given soil, and be¬ 
cause it marks the lower limit of the range of soil-water contents at which 

growth of plants occurs. 
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5. Wilting Range —As the previous discussion has indicated, plants 
can survive and even absorb limited amounts of water at soil-water 
contents below the permanent wilting percentage. The range of soil- 
moisture contents between the first permanent wilting of the basal leaves 
of sunflower plants and the permanent wilting of all of the leaves on a 
plant (“ultimate wilting point”) has been called the wilting range (Taylor 
et al, 1934). The wilting range is usually narrower in coarse-texturcd 
soils than in fine-textured ones (Furr and Reeve, 1945). As little as 11 
per cent to as much as 30 per cent of the soil-water content between the 
moisture equivalent and the ultimate wilting point may lie within t e 
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wilting range. In general, growth of plants cannot occur while the soil in 
which they are rooted is within the wilting range. Many, although not 
.all, kinds of plants can survive, however, often for long periods, under 

such conditions. 

Interrelationships between soil-water content and the various indices 
of soil-water relations are shown graphically in Fig. 64. 

The Diffusion-Pressure Deficit of the Water in Soils.—In preceding dis¬ 
cussions of the water relations of plant cells and tissues, it has been shown 
that the most significant unit for the expression of the dynamics of water 
relations of plant cells is the diffusion-pressure deficit. Since all problems 
of the absorption of water by plants involve a consideration of the rela¬ 
tion of the water in the soil and the water in the plant, it is desirable that 


TABLE 17—DIFFUSION PRESSURE DEFICIT VALUES OF AN " OSWEGO SILT LOAM SOIL AT DIF¬ 
FERENT WATER CONTENTS, AS INDICATED BY THE ABSORPTION OF WATER BY COCKLEBUR 

SEEDS (DATA OF SHULL, I 916 ) 


Soil moisture, 
per cent of dry weight 

Water imbibed by seeds, 
per cent of 
air-dry weight 

Diffusion pressure 
deficit of the soil water, 
atm. 

5.83 (“air-dry”) 

0 CO 

965 

9 3 6 

6 47 

375 

u .79 

11 94 

130 

13.16 

li .36 

7 * 

I4.88 

11 61 

38 

17.10 

37 7° 

19 

*7 93 

43 *5 

11.4 

18.07 

45*5 

7 6 

0 

18.87 (approx, wilting percentage) 

47.16 

3-8 


this concept of the diffusion-pressure deficit of water be extended to the 
soil water if the absorption of water is to be interpreted in terms of 
dynamic units. 

One of the first successful attempts to measure the retentive capacity 
of the soil for water was made by Shull (1916). Air-dry seeds of the 
cocklebur (Xantliium pennsylvanicum) were used as the “instrument 
for measuring the diffusion-pressure deficit of the soil. Seeds of this 
species were first placed in salt solutions of various osmotic pressures 
and the percentage of water which had been imbibed when an equilibrium 
was attained in each solution was first determined (Chap. VII). 

Once the percentages of water held by these seeds when in equilibrium 
with solutions of different osmotic pressures had been determined, the 
diffusion-pressure deficit of any medium in which they might be immersed 
could be measured. For example, if some of these seeds were immersed in 
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a medium of unknown osmotic pressure (diffusion-pressure deficit) until 
a dynamic equilibrium was established, after which it was determined 
that their moisture content was 32.8 per cent, a diffusion-pressure deficit 
of 26.6 atm. was indicated for the medium (Table 10). This principle 
was applied to the measurement of the diffusion-pressure deficit of soils 
at different water contents. A sample of soil at a known water content 
was shaken with some of the seeds until an equilibrium was attained, 
after which the water content of the seeds was determined. 

As the data in Table 17 indicate, the diffusion-pressure deficit of the 
water in an air-dry soil is of the order of magnitude of 1000 atm. With 
an increase in the soil-water content, its diffusion-pressure deficit de¬ 
creases. In the range of low water contents, a small increase in water 
content corresponds to a very large decrease in the diffusion-pressure 
deficit of the soil. As the water content of the soil is increased further, 
the diffusion-pressure deficit continues to decrease but at a progressively 


slower rate. , , , f 

Diffusion-pressure deficit values for soil water can be calculated from 

the results of a number of other types of measurements. Among these 
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arc vapor-pressure measurements (Thomas, 1924), determinations of the 
freezing-point depression of the soil (Bodman and Day, 1943), measure¬ 
ments of the amount of water retained by a soil in equilibrium with ten¬ 
sions of a known magnitude (Gradmann, 1928), and measurements of 
the quantity of water retained by a soil in equilibrium with pressures of 
a known magnitude (Richards, 1941, 1949). Each of these methods is 
suitable only for a certain range of soil-water contents. 

From data obtained by one or more of these methods it is possible to 
construct for any soil a water-content diffusion-pressure deficit curve 
(Fig. 65). Most of the important soil-water relations can be interpreted 

in terms of such curves. 

Such a curve is characterized by a marked rise in diffusion-pressure 
deficit in the region of low soil-water contents. As already shown by the 
results presented in Table 17, in this zone of soil-moisture contents a 
very small decrease in soil-water content corresponds to a very consider¬ 
able increase in diffusion-pressure deficit. 

Experimentally determined values for the diffusion-pressure deficit of 
the water in a soil at the permanent wilting percentage vary somewhat 
depending upon the kind of soil and the method of determination, but 
appear to be commonly in the neighborhood of 15 atm. (Richards and 
Weaver, 1943). The position of the permanent wilting percentage is just 
above the region of the sharp upward inflection of the diffusion-pressure- 
deficit soil-water content curve. The position of this value on the curve 
makes understandable the fact that further absorption of water by plants 
from soils at water contents below the permanent wilting percentage 
occurs very slowly. 

The diffusion-pressure deficit of the soil water when the soil is at field 
capacity is not more than a few tenths of an atmosphere (Richards and 
Weaver, 1944). Absorption of water by plants occurs readily at such a 
low soil-water diffusion-pressure deficit. At the field capacity the diffu¬ 
sion-pressure deficit of the soil water results principally from the osmotic 
effects of the dissolved salts (Bodman and Day, 1943). At lower soil- 
water contents, on the contrary, the diffusion-pressure deficit of the soil 
water results principally from attractions between the soil particles and 
the water molecules. 

In most soils the water readily available to plants is that in the range 
between the field capacity and the permanent wilting percentage. In gen¬ 
eral, this range is narrow in sandy soils, wider in loam soils, and widest 
in clay soils. Hence, at the field capacity, clay soils contain the greatest 
quantities of both available and unavailable water, loam soils the next, 
and sandy soils the least. The total quantity of available water in a soil 
often becomes a limiting factor in plant growth. In the absence of rain¬ 
fall or irrigation it is obvious that a plant can develop longer if rooted 
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in a loam soil, for example, than in a sandy soil, if both were initially at 
their field capacity. 

The foregoing discussion of this topic refers primarily to soils in which 
the concentration of solutes in the soil solution is negligible or nearly so. 
This is the prevailing situation in the vast majority of agricultural, 
grassland, and forest soils. In some soils, however, the concentration of 
the soil solution may become appreciable. The most extreme examples 
of this situation are found in alkali and saline soils in which the osmotic 
pressures of the soil solution may reach, in extreme cases, 100 atm. or 
more. Although certain species of halophytes can survive in extremely 
saline soils, most plants are markedly retarded in growth if the osmotic 
pressure of the soil solution exceeds a few atmospheres. Because of the 
higher osmotic pressure of the soil solution, the diffusion-pressure deficit 
of a saline soil at the field capacity is greater than that of a nonsaline 
soil. With decreasing water content of a saline soil its osmotic pressure 
increases. Furthermore, the shape of the diffusion-pressure deficit soil- 
water content curve will be different for a saline soil from that for an 
otherwise similar but nonsaline soil (AVadleigh, 1946). In general, the up¬ 
ward trend to the left will be more gradual in the curve for a saline than 

for a nonsaline soil. 
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DISCUSSION QUESTIONS 

1. Why is the water content of a clay soil much greater than that of a sandy 
soil when both are at the permanent wilting percentage? 

2. A waterproof pot is filled with a known weight of dry soil which has a field 
capacity of 20 per cent. Water equal in weight to 10 per cent of the entire soil 
mass is poured on the surface of the soil. How would this water be distributed 
in the soil at equilibrium? 

3. For experimental purposes how would you keep the water content in a pot 
in which a plant was growing at approximately its field capacity? At approxi¬ 
mately three-fourths its field capacity? 

4. A greenhouse bench filled with a loam soil is drenched with water. After all 
drainage of water from the bench has ceased, would the water content of the 
bench be at approximately the field capacity? More than the field capacity? Less 

than the field capacity? Explain. . 

5. What are some of the effects of tiling a field on the water relations of sou. 

6 . Dust mulches are often recommended as a means of conserving water in a 

soil. Evaluate this practice. . ... 

7. A com plant, a young pine tree, and a fern were planted in equal-sized pots 
containing a silt loam, a sandy loam, and a clay loam, respectively, and the pots 
sealed against water loss. The soil water was initially at the field capacity in each 
pot. How will the water content of the soils compare when the permanent wilt¬ 
ing percentage is reached? The diffusion-pressure deficits of the soil water. Ihe 
Amounts of water lost from each soil before the permanent wilting percentage is 
reached? The times required for the plants to reach permanent wilting. 
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Roots and Root Systems. —The root system of a plant is often as dis¬ 
tinctive in form and structure as its aerial portions. Each species has, 
when growing in its usual type of habitat, a characteristic set of roots, 
just as it has a recognizably distinctive top when growing within its 
usual range of climatic conditions. Root systems are subject to modifica¬ 
tions as a result of the influence of various soil factors, just as the form, 
height, spread or other features of the tops may be modified in accordance 
with the climatic conditions to which they are subjected. A coniferous 
tree may produce a stately, cone-shaped crown if growing in a favorable 
habitat, while another individual of the same species will be only a 
straggling, scrawny shrub if located near the timber line on a mountain. 
Similarly, a plant may develop a deep, profusely branched root system 
in a well-drained soil, while another individual of the same species will 
produce a shallow root system of entirely different configuration in a 
soil which is water-logged to within a foot or two of its surface. 

Superficially roots resemble stems, inasmuch as both are usually elon¬ 
gate, more or less cylindrical structures. There are, however, a number of 
important distinctions between the two types of organs. Roots are gen¬ 
erally much more irregular in shape than stems. They are not differen¬ 
tiated into distinct nodes and internodes, and hence the branching of 
roots follows a much less regular pattern than the branching or bearing 
of lateral organs by stems. With few exceptions the growing tip of every 
root is capped with a distinctive zone of cells known as the roof cap; 
such a tissue is absent from the stem tips. The origin of lateral roots is 
very different from that of lateral stems; the former develop from deep- 
seated meristems; the latter from peripheral meristems. The arrangement 
of the primary tissues in roots is usually different from the arrangement 
of the primary tissues of stems. Roots .bear no appendages which are 
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comparable to leaves or flowers, and lack stomates which are present in 
many stems. 

When a seed germinates the first root which appears is called the 
primary root. This develops from an apical growing region which is al¬ 
ready differentiated in the embryo. The primary root, which may be con¬ 
sidered as a downward extension of the main axis of the plant, gradually 
elongates, grows in diameter, and produces lateral branches. Branches 
and sub-branches of the primary root are called secondary roots. 

The primary root and its branches considered collectively are called 
the primary root system. In the seed plants primary root systems develop 
only from embryos. In many species the primary root system remains the 
only, or at least the conspicuous, root system throughout the life of the 
plant. In perennial plants, especially certain tree species, such primary 
root systems may attain an enormous size. 

All other roots, regardless of the organ of the plant on which they de¬ 
velop, are termed adventitious roots. The roots which develop from bulbs, 
tubers, corms, rhizomes, and cuttings arc classed in this category. Adven¬ 
titious roots may even arise from the leaves of some species such as 
begonia, bryophyllum, and walking fern. Such roots also develop from 
the lower nodes of the vertical stems of many species, especially monocots. 
In some species, maize for example, they may arise from nodes above the 
soil surface, becoming the so-called prop roots. AA hen they develop from 
the stems adventitious roots most commonly arise at the nodes. 

Two very generalized types of root systems which are often distin¬ 
guished are tap root systems and fibrous root systems. Practically all 
adventitious root systems belong in the latter category. In the former, 
the primary root system is predominant, the primary root itself often 

being conspicuous. 

The root system of a plant is often more extensive than its top. The 
relative development of the top and roots of a plant is greatly influenced, 
however, by a number of soil and climatic conditions (see discussion of 
shoot-root ratio in Chap. XXXIII). 

The depth to which roots penetrate into soils is in part a species char¬ 
acteristic, some species being typically more deep-rooted than others. 
However, prevailing soil conditions usually exert a pronounced effect 
upon the depth of penetration of roots. Rock strata are frequently so 
flose to the soil surface that the penetration of roots to any great depth 
18 prevented. Similarly the presence of hardpan or otherwise extreme y 
tight layers of soil not far below the surface checks or at least greatly 
hinders the invasion of the lower soil layers by roots. If a water table is 
close to the soil surface downward growth of roots of most species is 
Warded because of the deficient aeration of saturated soils. Only the 
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roots of hydrophytes, as a rule, can penetrate very far into saturated 
soils. In dry climates, as for example the western plains area of North 
America, the lower limit of root growth is determined by the depth of 
infiltration into the soil'of the scanty rainfall, as, generally speaking, 
roots cannot grow into dry soils. In deep, moist, well-drained soils, on 
the other hand, the depth of penetration of roots is limited not by soil 
conditions but by factors inherent within the plant. 

Extensive investigations have been conducted by Weaver (1926) and 
Weaver and Bruner (1927) on the depth of penetration and general dis¬ 
tribution in the soil of the roots of many crop plants as well as of some 
species in their natural habitats. Formerly the concept was prevalent that 
the roots of crop plants do not penetrate greatly below the depth to which 
the soil is plowed. These investigators showed, however, that in well- 
drained soils the bulk of roots of most crop plants is located in a zone 
between the surface and a depth of 3 to 5 feet. Some individual roots 
penetrate to greater distances; with most crop plants a few roots were 
found to reach depths of 6 to 8 feet depending upon the species. 

Contrary to popular opinion the roots of trees do not usually penetrate 
for very great distances into the soil. As a rule most of the root system 
of the vast majority of trees will be found in the upper few feet of the 
soil. If soil conditions permit, a few roots penetrate to greater depths, 
but growth of tree roots to a depth of more than 10 feet beneath the soil 
surface is uncommon. Trees growing in deep, well-drained soils, especially 
if sandy or gravelly, may sometimes be exceptions to this statement. 
Under such conditions the roots of some species, such as cottonwood, may 
penetrate into the soil for 20 feet or more. 

The lateral extent as well as the depth of penetration is an important 
gross feature of any root system. In general, the lateral roots lying close 
to the soil surface attain the greatest horizontal spread. This varies 
greatly according to the environmental conditions to which the root 
system of a plant is subjected. In the more arid climates of the world it 
is a common observation that the scantier the rainfall the more extensive 
the lateral development of the root system of many species. Correspond¬ 
ing with this increased lateral development there is usually, under such 
conditions, a decrease in the depth of penetration. 

The density of the vegetation is also a factor of importance in deter¬ 
mining the lateral spread of roots. The influence of this factor has been 
observed largely with crop plants. Generally a plant which is closely sur¬ 
rounded bv other plants will have a more restricted lateral spread to its 
root system than one growing at some distance from its neighbors. The 
lateral spread of the roots of a crop plant such as wheat, growing in a 
dense stand, is always less than that of an isolated plant of the same 
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species. Isolated trees or those growing in open stands often have root 
systems which extend far beyond the spread of the crown. In artificial 
tree plantations the density of the stand affects the lateral spread of the 
roots just as it does in crop plants. The same principle also operates in 
natural forests but is there complicated by the greater diversity of species 
and of age groups than is usually present in an artificial planting of trees. 

The Absorbing Region of Roots.—Most of the absorption of water and 
mineral salts occurs in the terminal portions of roots. Because of the ex¬ 
tensive branching of roots there are often millions of root tips on the 
root system of a mature plant. From a physiological point of view the 
number of root tips borne by a root system is probably the most important 
index of its effectiveness in obtaining water and mineral salts from the soil. 

The external morphology of a root tip can be observed most easily in 
roots which have developed in moist air. Upon close examination of a 
root tip, four distinct, but intergrading, regions can usually be discerned 
with no greater magnification than that afforded by a hand lens or, in 
many species, even with the naked eye. At the apex of the root is an 
extremely short region, white in color, which is known as the root c-ap. 
Just above the root cap, and partly covered by it, is the meristematic 
region, the zone of maximum cell division, which is seldom more than a 
millimeter in length and which is usually distinguishable by a yellowish 
color. Next above the meristematic region is the region of cell enlarge¬ 
ment, usually not more than a few millimeters in length, in which most 
increase in length of the root occurs. Above this region is usually present 
the root-hair zone which bears the slender hair-like outgrowths of the 
epidermal cells known as the root hairs. The root-hair zone varies in 
length depending on the species and the conditions to which the root is 
subjected during its development. 

Most evidence indicates that the region of the root tip in which maxi¬ 
mum absorption of water occurs corresponds to the root-hair zone or 
the zone in which the root hairs would be present if they had developed. 
The rate of absorption of water in the zone of cell enlargement is also 
high, but relatively little movement of water into the root occurs through 
the root cap and meristematic region. In contrast with the absorption of 
water, maximum absorption of mineral salts appears to occur in the 

meristematic region of a root tip (Chap. XXIV). 

Measured from the apex, the length of the absorbing region of a root 
varies greatly with species, age of the root, and conditions under which 
it has developed. Above -the root-hair zone one or more of the outer cell 
layers of the root become suberized or lignified, or both, and in older 
roots cork cambiums develop (see later). In general, relatively little 
absorption occurs through such regions of a root, although appreciable 
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amounts can be absorbed through the older suberized roots of at least 
some species (Kramer, 1946). 

Anatomy of Roots. —If a longitudinal median section be cut through 
a root tip such as has just been described, and examined under a micro¬ 
scope, the anatomy of the several regions of the root can be observed 



Fig. 60. Median longitudinal sec¬ 
tion (approximately 3 mm. in 
length) of onion root tip. Photo¬ 
micrograph by Tillman Johnson. 


(Fig. 66). The root cap is a more 
or less thimble-shaped assemblage of 
cells covering the distal end of the 
meristematic region. It apparently 
minimizes mechanical abrasion of the 
root tip as it grows through the soil. 
Such abrasion gradually tears off the 
outer terminal cells of the root cap, 
but these are replaced by new root- 
cap cells which are formed by cell di¬ 
visions occurring in the lowermost 
layers of the cells of the meristematic 
regions. 

The meristematic tissue of a root tip 
is composed of small, thin-walled cells 
with prominent nuclei. As new cells 
are formed by cell division they begin 
to enlarge, principally in the direction 
of the long axis of the root. The divi¬ 
sion of meristematic cells and their 
subsequent elongation result in pro¬ 
jecting the growing region and root 
cap forward through the soil and ac¬ 
count for the growth in length of the 
roots. The region of cell elongation is 
seldom more than a few millimeters 
in length. This contrasts markedly 
with the corresponding region of a 
stem tip which may be as much as 10 
cm. in length or even longer in some 
species. Only a small part of the root 
tip—a few millimeters in length at 
most—is pushed through the soil. 
Since, in a growing root tip, the elon¬ 
gation of cells ensues as soon as they 
are formed by cell division, a cell 
which is one day in the region of cell 
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division is the next day in the region of cell elongation, subsequent divi¬ 
sions in the meristematic tissue having produced additional layers of 
cells beyond it (Chap. XXIX). 

The anatomy of a representative root, as shown in cross section through 
the root-hair zone, is illustrated in Fig. 67. The structure of a young root 
shows a number of distinctive 


features. The cortex is relatively 
thicker than that of stems. This 
characteristic is especially no¬ 
ticeable in fleshy roots in which 
the thickness of the cortex is 
often many times the radius of 
the stele. The intercellular spaces 
of the root cortex are also more 
prominent than those in the stem 
cortex in which the cells are 
rather densely packed. An endo- 
dermis is almost invariably pres¬ 
ent in roots; this is generally 
considered to represent the in¬ 
nermost layer of the cortex. 
While an endodermis is found in 
the stems of many species, it is 
by no means of universal occur¬ 
rence. Just within the endoder- 
mis is present a narrow zone of 
parenchymatous pericyclic tis¬ 
sue. Usually this is continuous, 
but in some species, as described 
below, it may be discontinuous. 
Lateral roots most commonly 
originate in the pericycle. 

In roots the primary xylem 
and the primary phloem are 
present in a radial pattern. The 
primary xylem as seen in cross 
section appears as a number 
(usually 2 to 5, although some¬ 



times as many as 20) of radially 

situated strands. In many roots the center of the stele is composed of 
xylem; in some, especially monocots, it is composed of pith. Usually the 
xylem strands terminate radially in contact with the pericycle, but in 
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some species they abut directly on the endodermis, breaking up the peri- 
cycle, as seen in cross section, into a discontinuous series of arcs. The 
primary phloem of roots occurs as patches of tissue (as seen in cross 
section) which alternate with the strands of xylem (Fig. 68). 

The structure of the individual types of cells occurring in the root 
tissues is essentially similar to the structure of corresponding types of 
cells occurring in the stem. 

With few exceptions the roots of all perennials and many annuals grow 
in diameter as they increase in age by means of a cambium layer much- 
as do most stems. The cambium layer is initiated in young roots in such 
a way that it lies inside of the strands of phloem tissues, and outside of 
the xylem strands. In cross section the original cambium layer appears 
as a wavy band, passing inside of each phloem strand, and outside of 
each xylem strand (Fig. 68). Once differentiated this cambium layer 
produces secondary xylem on its inside face, and secondary phloem on its 
outside, just as the cambium of stems does. The initial formation of sec¬ 
ondary tissues by a root cambium is usually more rapid in the segments 
of the cambium internal to the primary phloem strands. Because of this 
differential growth rate the cambium of a root rapidly attains a circular 
aspect in cross section. The further differentiation of secondary phloem 
and secondary xylem proceeds in essentially the same manner that it 
does in stems. 

Most perennial roots sooner or later become encased in layers of cork 
cells. The initial cork cambium often originates in the pericycle. As 
layers of cork cells are produced by the cork cambium the cortex of the 
root, including the endodermis, is ruptured and the cells of these tissues 
die and decay away. Older roots therefore have a characteristic smooth, 
brownish, corky covering that is pierced only by lenticels. With increas¬ 
ing age, secondary cork cambiums may arise progressively more and 
more deeply in the phloem tissues. This results in the gradual loss of the 
pericycle and older phloem tissues. The bark of older roots, therefore, is 
essentially similar to that of the trunks or larger branches of trees (Chap. 
XXIX). Thick layers of bark do not as a rule accumulate on roots as 
they do on the trunks of some species of trees because of the rapid decay 
of all dead underground tissues. 

In the roots of species in which no secondary thickening occurs, as in 
many monocots, the epidermal layer of cells may persist intact, usually 
becoming suberized. In other such species the epidermis may die and de¬ 
cay, but when this occurs an underlying layer of the cortex cells in turn 
becomes suberized. 

Lateral branches of the primary root system usually originate in the 
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pericycle, most of them being formed in the region just above the root- 
hair zone. Usually the locus of origin of a lateral root is opposite one of 
the primary xylem strands. The first step in the formation of a lateral 
root in most species is the development of a group of meristematic cells 
by the division of several adjacent pericycle cells in the layer just inside 
of the endodermis (Fig. 69). By successive divisions these cells rapidly 
form an apical root meristem with its characteristic root cap, region of 
coll division, etc. As this develops the endodermis and tissues exterior 



Fic». 69. Three stages in the formation of a lateral root. Meristematic cells 
(stippled) arise in the pericycle and the cells of the lateral root develop from 
these. Redrawn from Holman and Robbins (1938) after van Tieghem. 


to it are first stretched and later ruptured. The elongating lateral root 
penetrates through the tissues external to it, partly by mechanical pres¬ 
sure, and perhaps partly by digesting the tissues through which it passes. 
Eventually the lateral rootlet emerges from the root of which it forms a 
branch and becomes an externally visible part of the root system. 

Root Hairs.—These structures are confined to the root-hair zone, which 
may be from a few millimeters to many centimeters in length, depending 
on the species and the conditions under which the root develops. Since 
the root-hair zone lies back of the region of cell enlargement, there is no 
forward progression through the soil of the individual root hairs along the 
axis of the root. In any rapidly growing root tip new hairs arc continu¬ 
ally developing just back of the zone of elongation. New root hairs are 
thus constantly developing in contact with different portions ot the soil, 
a fact which is of fundamental significance in the absorption of water 
and perhaps of mineral salts. Many root hairs are short-lived structures 
and often die within a few weeks or even less after they develop. In cer¬ 
tain species, at least, some of the root hairs may remain alive for an en- 
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tire growing season, and in a few species they may become suberized or 
lignified and persist for a year or longer. 

Very little information is available regarding the abundance and dis¬ 
tribution of root hairs on the root systems of mature plants. Dittmei 
(1937) found root hairs to be present on all of the roots of a four-months- 
old rye plant. This plant bore a total of about 14 billion root hairs. On 
the other hand, some tree species, especially certain conifers, bear few 
or no root hairs. The roots of some species, such as maize, produce an 
abundance of root hairs when they develop in the soil or moist air, but 

few or none when they de¬ 
velop under water as in a so¬ 
lution culture. The roots of 
other species, on the contrary, 
produce root hairs in abun¬ 
dance whether they develop in 
the soil or in water. Under 
field conditions maximum de¬ 
velopment of root hairs on 
most terrestrial plants appears 
to occur in soils with a mois¬ 
ture content between the field 
capacity and permanent wilt¬ 
ing percentage. 

A root hair is essentially a Fi«. 70. A young root hair 
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of a root hair is lined with a thin layer of cytoplasm which is continuous 
with the cytoplasm of the epidermal cell of which the root hair is a part. 
In water or in moist air the root hairs are usually straight, but in soil 
they are more or less contorted, and sometimes even branched, conform¬ 
ing to the shape and distribution of the soil particles among which they 
penetrate. Detailed investigations of the development of root hairs have 
been made by Sinnott and Bloch (1939) and Cormack (1949). 

The Pathway of Water Through the Root.—Water enters the roots prin¬ 
cipally through the walls of the root hairs and epidermal cells of the 
root tips. Absorption of water by individual root hairs has been demon¬ 
strated experimentally with micropotometers (Rosene, 1943; Rosene and 
Walthall, 1949). From the epidermal cells the water passes through suc- 
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Fig. 71. (.4) Thickened tangential walls of endodermis of a maize root, as seen 

in cross section. (/I) Casparian strip in stem endodermis of Piper macrophylla, 
as seen in cross section, (C) Perspective diagram showing position of Casparian 

strip in an endodermal cell. 

cessive rows of thin-walled cortical cells, and then through the cells of 
the endodermis (Fig. 67). 

The structure of the walls of the endodermal cells is peculiar. Two 
main types of such cells have been recognized. In one type (Fig. 7L4) 
the inner tangential and radial walls, or sometimes the entire wall, is 
thickened. These thickened walls are suberized and sometimes partly 
lignified. In a second type (Fig. 71 B and C) a thickened strip is present 
on the inner surface of the radial and transverse walls, this thickening 
often being suberized. The width and general configuration of these 
Casparian strips, as they are called, vary with the species. Regardless of 
type, most thickened endodermal walls are pitted. In some species having 
the thick-walled type of endodermis, there are present, opposite the 
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outer end of each area of xylem tissue (as seen in cross section) isolated 
thin-walled endodermal cells called passage cells. These are supposed to 
facilitate the movement of water and dissolved salts through the endo- 
dennis. Passage of water and mineral salts through the endodermis is 
probably also facilitated by the presence of lateral root initials vhich 
usually have developed by the time the endodermis is mature 

After passing through the endodermis water moves into the xylem ducts, 
in most species after traversing a few intervening layers of pencyclic 
cells. The route followed by water through the rest of the plant has al¬ 
ready been described in Chap. XII. , . . , 

The Relation between Roots and Soil Water.-From the standpoint,of 
the absorption of water by plants, a clear distinction should be made 
between conditions under which capilla-y movement of water occurs 
readily in a soil and those under which such movement of water ms slow 
or nonexistent. If capillary movement occurs readily, ^anslocation of 
water may take place toward the young roots whenever they are absorb¬ 
ing water There are two principal conditions under which capillary trans¬ 
location of water can occur in soils at appreciable rates 1 >ri any'tone 
of soil which is not more than a few feet above a water table, and (2 n 
the upper layers of any soil after a heavy ram or irrigation but befo e 
the water content of the soil has decreased to >ts field capac ty As the 

water in the films surrounding the soil particles with ^ 

are in contact becomes depleted, more water moves toward those par 
tides by capillarity. The actual rate of such capillary movement of water 
through the P soil may become a factor influencing the rate of absorption. 
Root systems, however, are not static but are more or less contmuafiy 

creases^ asa generd “le, with increasing wetness of the soil above the 
field capacity 8 because of the corresponding reduction in soil aeration. 

TT - P T’• , v hirh capillary movement of water occurs—which are 
Hence in soils “ elongation o{ roots is generally 

necessarily relatively wet thei r ^ (lryer soils This continued 

less than in otherwise similar^b ^ thcm intQ contact with other 

portions o/the soil water, so that, even if capil'a^mo^emen^to certain 

tipsThemselves into zones of 
the soil ihat have not yet been depleted of water which can move by 

'“Many plants much of the time, grow in soils at water contents between 



238 


ABSORPTION OF WATER 


of the film water present on the soil particles with which the root tips 
are in contact has been absorbed it cannot be replaced in any significant 
quantity by capillary movement from adjacent regions of soil if the soil 
water content is below the field capacity. Neither does water move in 
vapor form through soils toward the absorbing regions of roots at appre¬ 
ciable rates. Under such conditions the absorbing region of every rootlet 
often becomes surrounded with a narrow cylindrical zone of soil which 
has been depleted to a water content much below that of the surrounding 
soil. 

Since, in soils at a water content below the field capacity, movement 
of water toward the roots is very slow, the principal method by which 
the roots come in contact with additional increments of water is by con¬ 
tinually growing through the soil (Burr, 1914). Mature root systems of 
many species of plants bear millions of root tips. Each of these numerous 
root tips may be pictured as progressing through the soil and absorbing 
most of the water present in the smaller interstices between the soil par¬ 
ticles with which they come in contact (Livingston, 1927). Relatively 
large quantities of water can be absorbed in this way, at least by some 
species of plants. For example, the total length of all the roots on a 
four-months-old rye plant was found by Dittmer (1937) to be 387 miles. 
On the average, therefore, the aggregate daily increase in the length of 
the roots on this plant was more than 3 miles. In addition, nearly 55 
miles of new root hairs were formed, on the average, per day. Kramer 
and Coile (1940) calculated that such a rate of root extension would 
permit the absorption by such a plant of about 1.6 liters of water daily 
from a sandy loam, or about 2.9 liters from a heavy clay loam, when 
both soils were at the field capacity. 

This picture of the role of root elongation in the absorption of water 
(and mineral salts) from the soil under certain conditions is probably an 
accurate one for many and perhaps most species of plants. The root 
systems of some species of plants, however, are of a sparse, sparingly 
branched type which would suggest that the quantities of water which 
they can absorb in the manner just described would be relatively small. 
Mycorrhizae (Chap. XXIV) may aid in the absorption of water by some 
species. Elongation of roots would also be less effective in contributing 
to the absorption of water by terrestrial species in which the roots bear 
few or no root hairs than in species on which root hairs develop in 
abundance. 

The root-tip population of any plant is usually so large that often not 
all of the root tips are subjected to the same soil-water conditions. Some 
may be located in lower soil horizons which, under certain conditions, 
contain more water than the upper layers of the soil. Under other con- 
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uitions the reverse situation may prevail. After light rainfalls on a com¬ 
paratively dry soil, for example, the root tips closer to the surface may 
be in contact with soil at a higher water content than those at greater 
depths. Hence the quantity of water absorbed in a given interval of time 
may differ greatly from one root tip to another as they advance through 
the soil. In general, however, roots do not grow appreciably in soils which 
have a water content less than that of the permanent wilting percentage 


(Hendrickson and Veihmeyer, 1931). 

Mechanism of the Absorption of Water.—In Chap. XII it was shown 

that the development of a diffusion-pressure deficit in the mesophyll cells 
of leaves causes the water in the xylem vessels or tracheids to pass into 
a state of tension which results in an increase in the diffusion-pressure 
deficit of the water in the xylem ducts by the amount of the imposed 
tension. As soon as the diffusion-pressure deficit of the water in the xylem 
ducts in the absorbing region of the root exceeds that in contiguous cells, 
a gradient of diffusion-pressure deficits is established across the root, 
increasing consistently from cell to cell from its epidermal layer to the 
xylem conduits. Many authorities believe that the water in the cells in 
absorbing regions of roots often passes into a state of tension under con¬ 
ditions such as those just described. If this occurs greater diffusion-pres¬ 
sure deficits could develop in the peripheral cell walls of young roots than 
otherwise would be possible. However, the mechanism as just described 
will operate even if the water in the root cells never passes into a sta e 
of tension. The osmotic pressure of the root epidermal and roo -hair cells 
of most species for which measurements are available is about 3-5 atm., 
although higher values undoubtedly occur in some species. Hence .diffu¬ 
sion-pressure deficits of this magnitude can develop in the peripheral cells 
of roots even if the water in them is never undei tension. 

Whenever the diffusion-pressure deficit of the water in the peripheral 
walls of the young root cells exceeds that of the water in the sod, water 
will move from the soil into the root. Since the osmotic Pressure of the 
soil solution in most soils is only a fraction of an atmosphere the diffu¬ 
sion-pressure deficit of the absorbing cells of a root does not haveto be 

^ , , . 'u nn *„ r thorn from any soil with a water content 

very great before water will enter them irom a..* 

equal to or greater than the field capacity. . 1.1 

The absorption process which has just been described «,oi ten called 

“passive absorption” because the entry of water into the roots is » roug 
r D ttU8ui|jwuu f the plant and the root 

:X vxsu .* .. 

-rsn 

ably correct in its essentials, it is aimosa !<-■ . . . . 

a iy correct in 11 s f . ors upo n absorption, particularly 

influence of certain environmental in 
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temperature and oxygen (see later), suggests that the metabolic activities 
of living cells in the absorption zone of roots also play at least an in¬ 
direct part in this process. 

The mechanism of absorption just described undoubtedly accounts for 
the intake of most of the water which enters the roots of plants, but it 
is not the only mechanism of absorption which is known to operate in 
plants. In many species an internal pressure known as root pressure often 
develops in the xylem (Chap. XII). The occurrence of sap exudation 
resulting from root pressure can be strikingly demonstrated with some 
species by immersing the root system of a decapitated plant in a potom- 
eter (Fig. 34). After a time a dilute sap will begin to ooze from the cut 
stem, and the absorption of water will be indicated by the movement of 
the meniscus on the capillary arm of the potometer. If the volume of 
water exuded is measured it will be found to be not sensibly different from 
the volume absorbed. In other words, water is being absorbed and is mov¬ 
ing in an upward direction through the plant as a result of processes 
which take place in the root cells. This type of absorption, in which the 
mechanism involved is localized within the root system, is often called 
“active absorption.” Root pressure, or guttation, and active absorption 
are usually considered to be different aspects of the same phenomenon. 

There is good evidence for the existence of a relatively simple osmotic 
mechanism of active absorption, but it is by no means certain that this 
is the only mechanism responsible for root pressure, xylem sap exuda¬ 
tion, and guttation. The essentials of an osmotic theory of active absorp¬ 
tion were first clearly suggested by Atkins (1916). Priestley (1920, 1922) 
has also advocated a similar hypothesis. In a number of species it has 
been shown that, although the osmotic pressure of the sap in the xylem 
ducts is relatively low, seldom exceeding 2 atm., it is higher than the 
diffusion-pressure deficit of most soils at the field capacity or a higher 
water content. Osmotic movement of water from the soil to the xylem 
ducts could therefore occur through the “multicellular membrane” of the 
intervening root cells in spite of the fact that such cells have a higher 
osmotic pressure thar either the soil solution or the xylem sap. The 
mechanism of such a movement of water can be interpreted in terms of 
the establishment of a consistently increasing gradient of diffusion-pres¬ 
sure deficits from cell to cell across the root from the epidermis to the 
xylem ducts. Kramer (1932) has shown that in an analogous situation 
water will move across the cells of the petiole of the tropical papaw 
(Carica papaya). 

Eaton (1943) found an almost proportional relation between the dif¬ 
ference in osmotic pressures of the xylem sap and the external solution 
and the rate of exudation from decapitated young cotton plants. His re- 
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suits also indicated that exudation would cease when the value of this 
osmotic differential fell to zero suggesting that, under the conditions ol 
these experiments at least, the osmotic mechanism was the only one in 
operation. The sensitivity of the osmotic mechanism is very great, r - 
versals occur in less than a minute from exudation to cessation of_ exuda¬ 
tion and back to exudation upon transfer of the root systems of>oung 
plants from water to a dilute sucrose solution and back to nater (Kramer, 

^Although there is little doubt of the existence of an osmotic 
of active absorption, the results of certain experiments arc d.fficu t to 
reconcile with the view that this process can be accounted for enfrely b 
such a mechanism. The findings of Grossenbacher (193Eh >939l and 
Skoog et al (1938) that an autonomous, more or less regular diurnn 

fluctuarion occurs in the rate of exudation of x,.,emsapfromdoo^ 

seedlings, with the maximum about noon and the minimum»b~ ™ 
night, suggests a more complex mechanism than the one described abo e ; 
A retarding effect of deprivation of oxygen on ebso.pt.on of voter > 
isolated onion roots, and by root hairs of radish, has 

by refined experiments with potometers t R °' cne ' ' ' indircct 

Bartlett, 1950), suggesting that respiration pla>s * ‘ ‘ of auxin 

part in the active absorption mechanism. The enhnne S ‘ alsQ 

(Chap. XXVIII) on xylem sap exudation rates R k °»g 

suggests that respiration plays a Pa rt therefore been postu- 

are known to influence respiration r • t which is dc- 

lated that a second mechanism of active absorr,t on exuds^< 

pendent for its operation upon the metabohe a d'' ‘y » ™ 

The influence of metabolic proces^ “on ‘f mineral 

however, he largely or entirely an ^ metabolic conditions pre¬ 
salts by cells is markedly J c ()f acrobic respiration (Chap, 

vailing within them, especialh holiovine that the pas- 

XXIV). Furthermore, there " > ?; 1 controlled by the metabolic 

sage of salts into toe xylem - and Broycr , 1938). Metabolic 

conditions in adjacent lning « - stcepnoss „f the osmotic gradient 

conditions, therefore, may mfluei , c ff ec t on the absorp- 

between the xylem sap and the soi ,cc,u1 ^ an( j th ■ influence on 

tion and cell-to-cell movement of or entirely in this 

the active absorption of water may be e xerted larg y 

or in other indirect ways. conditions, exude relatively large 

Although some plant., under certain (Chap . XII)> in 

quantities of water as a icsult plants as a result of this 

general, the volumes of water mm, volumc8 entering plants 
process are relatively small compared 
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as a result of passive absorption (Kramer, 1939). The effectiveness of 
active absorption in reducing the water content of a soil also appears to 
be considerably less than that of passive absorption. Detopped herba¬ 
ceous plants cease exuding water when the soil-water content has been 
reduced to about halfway between the permanent wilting percentage and 
the field capacity (Kramer, 1941). The active absorption mechanism 
apparently does not absorb water against a diffusion-pressure deficit of 
more than 1 or 2 atm.; whereas the passive absorption mechanism results 
in absorption of water at relatively rapid rates until the diffusion-pres¬ 
sure deficit of the substrate approaches the permanent wilting percentage 
value (approximately 15 atm.). 

Environmental Factors Influencing the Rate of Absorption of Water.— 

Any factor which influences the diffusion-pressure deficit of the water 
in the peripheral walls of the young roots or the diffusion-pressure deficit 
of the water in the soil will influence the rate of absorption of water. 
Furthermore the roots of a plant are more or less continually growing 
through the soil, and, when the water content of a soil is less than the 
field capacity, absorption of water at any appreciable rate can occur 
only if growth of roots through the soil continues. Factors which in- 



Fio. 72. Relation between soil-water content and osmotic pressure of leaves 

of sunflower plants. Data of Furr and Reeve (1945). 
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fluence the rate of root growth may therefore also have important effects 

on the amount of water which can be absorbed. 

For reasons which should be clear from the preceding discussion, the 
rate of absorption of water is greatly influenced by the rate of tran¬ 
spiration. Hence any factor which influences the rate of transpiration 
will indirectly influence the rate of absorption of water. Contrariwise, as 
already shown in the discussion of transpiration, any factor which in¬ 
fluences the rate of absorption will also influence the rate of transpiration. 
The more important soil factors which influence the rate of absorption 

of water will now be discussed. 

1 Available Soil Water .—In general, the term available soil water is 
used to refer to that fraction of the soil moisture in excess of that present 
at the permanent wilting percentage. Absorption of water appears to take 
place almost equally well over the range of soil-water contents between 
the field capacity and the permanent wilting capacity, especially in hght- 
and medium-textured soils (Veihmeyer, et al„ 1943; and others). In le 
ier textured soils there is considerable evidence that the rate of abs ° r P‘'° 
of water is somewhat retarded in the lower part of this range (Mart n. 
1940; and others). A significant fact in this connection is that the osmotic 
pressure of the leaves increases as the soil-water content decreases F g. 
72). Hence as the diffusion-pressure deficit of the soil wa er 
greater, the potential diffusion-pressure deficit of the water „> th 1 plant 
likewise becomes greater. The effectiveness of the passive ab orption 
mechanism undoubtedly increases accordingly. This upi' an ) 
in the osmotic pressures of the cells of the plant with doe« sod- 
water content is one of the main factors resulting in a nearly uniform rate 
of absorption from many soils in the range of soil-water contents between 
the field capacity and the permanent wilting percentage. 

At soil-water contents below the permanent wilting percentage water 
intake is so slow that the turgidity of the leaf cells ordinarily cannot be 
maintained. Relatively high soil-water contents, in the range abos the 
field capacity, result in a diminution in the rate of absorption by many 
species, because of the accompanying decrease in soil aeration (see late ^ 
2. Soil Temperature .—Reduction in the absorption ^te of water occurs 
in many kinds of plants at soil temperatures well above fr “ R_ 
exact magnitude of this effect differs according to 

Arndt, 1937; Brown, 1939; Kramer, 1942; Kozlowski, 1943. " 

In general, plants native to warm climates undergo a greater reduct on n 
rate of water intake when the soil is chilled than those which «**£££ 
of cooler climates. For example, Kramer . 1942) found that watermelon 

and cotton, warm season crops, absorbed only I" r <tn 
at 10°C. as at 25°C., while collards, a cool season crop, s 
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cent as much water at the lower of these two temperatures as at the 
higher. The relation between soil temperature and the rate of absorption 
of water (for which the rate of transpiration is taken as the index) by 
sunflower is shown in Fig. 73. In this species, the rate of transpiration 
diminishes rapidly with a decrease in soil temperature below about 55°F. 
(13°C.). A similar relation doubtless holds for other species, except that 
the soil temperature at which an appreciable diminution in the rate of 
water influx is initiated differs from one kind of a plant to another. For 
obvious reasons, virtually no water is absorbed by roots from frozen soils. 

The mechanism whereby low soil 
temperatures cause a retardation in 
the rate of absorption of water is 
doubtless a complex one. The prin¬ 
cipal factors involved are: (1) 
retardation in the rate of root elon¬ 
gation, (2) decreased rate of move¬ 
ment of water from soil into roots, 
(3) decreased permeability of cell 
membranes, (4) increased viscos¬ 
ity of the protoplasm and cell walls, 

(5) increased viscosity of waver, 

(6) decreased vapor pressure of 
water, and (7) decreased metabolic 
activity of root cells (Kramer, 
1949). 

Soil temperatures may sometimes 
become high enough to exert a re¬ 
tarding effect on the rate of absorption of water. For example, Haas 
(1936) found that absorption of water by lemons, oranges, and grape¬ 
fruits decreased when soil temperatures exceeded 30° or 35°C. 

3. Aeration of the Soil .—In general, absorption of water by the roots 
of most species of plants proceeds more rapidly in soils which are well 
aerated than in those which are not. In such soils oxygen concentrations 
may approach a zero value, and carbon-dioxide concentrations ranging 
up to 10 per cent are not uncommon. The comparative effects of a main¬ 
tained near zero oxygen content and a maintained relatively high (20 per 
cent) carbon-dioxide content in the soil atmosphere on the intake of water 
by tomato, tobacco, sunflower, coleus, cotton, and corn plants were in¬ 
vestigated by Whitney (1942). Severe oxygen deficiency, obtained by 
passing nitrogen through the sand medium, resulted in a marked reduc¬ 
tion in water absorption by all of these species as compared with plants 
whose roots were aerated with atmospheric air, although the effect was 



Fig. 73. Relation between rate of 
transpiration of sunflower plants and 
soil temperature. Each curve repre¬ 
sents the results of a different experi¬ 
ment. Data of Clements and Martin 

(1934). 
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more pronounced on some than on others. When the roots of these species 
were exposed to excess carbon dioxide in the presence of oxygen, a con¬ 
dition which was obtained by passing a mixture of 20 per cent car ion 
dioxide, 20 per cent oxygen, and 60 per cent nitrogen through the sand, 
there was no significant decrease in the rate of water intake by corn or 
sunflower plants, and only a relatively small decrease in the rate for 
tobacco, tomato, coleus, and cotton plants as compared with similar plants 
aerated with atmospheric air. When the roots were exposed to the com¬ 
bined effects of oxygen deficiency and carbon-dioxide excess gaseous 
phase in the sand consisting of 80 per cent nitrogen and 20 per cent carbon 
dioxide), the retarding effects on water absorption by all ^c.c imest - 
gated except coleus and tomato were little if any greater than tno effec 
of severe oxygen deficiency alone. In general, these results mil ca1th 
a near absence of oxygen has a greater influence in retarding he rate of 
water intake by many kinds of plants than the piesence o car > • 

in concentrations considerably in excess of those usually found m soU. 
Exposure of roots to pure carbon dioxide, or to high concentrations 50 
per cent or more) of this gas, at least for short periods, houeter, has a 
marked retarding effect on absorption of water n a nu hi m , 1942) 
(Kramer 1940, Chang and Loomis 194o>. Hoagland and B >e <1942 
interpret this result as being caused by an initial decreasing eftect of 
carbon dioxide on the permeability of root cells* to watti. 

Saturation or near-saturation of a soil with water is the mod mm 
cause of deficient soil aeration. Under such conditions it ap|.ca,s 1 obab e 
that the reduced rates of water absorption winch are evnU-nced U mmt 
plants result more from a severe oxygen deficiency than 
lation of carbon dioxide. A drastic reduction the 

oxygen in the soil reduces the rate of respiration of « ' th ¬ 
in turn, influences other metabolic processes as well as cr d o roo 

growth. One of the results of this sequence o disturbed ph>s.olog.cal c.m 
ditions is a lower rate of absorption o " a • nracticallv 

devoid of oxygen, as a result of the considerable interval 

(Chap. XXII), maintenance of tins process for an, consiciera 

of time leads to death of roots of ’"“""hydrophytes naturally grow 
In contrast with other species, th horn such soils. Some 

in water-saturated soils and ahsoi intercellular air spaces which 

species of hydrophytes have well-dev I mg into thc roots it has 

arc continuous from the '^'“^hat oxygen moves to thc roots through 
been shown in some such species t ^ guch movcmen t of oxygen 

such channels (Conway 1937 Laing 940) ^ hvteg . ]n ot |,er species 

doubtless occurs in man> otlui I n 
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which grow with their roots submerged, however, no such prominent sys¬ 
tem of air passages is present. Even in such species some movement may 
occur to the roots from aerial organs through intercellular spaces of usual 
dimensions. The roots of these species in which little or no oxygen becomes 
available through downward movement from the tops apparently are able 
to carry on their metabolic processes at relatively low oxygen concentra¬ 
tions. 

4. Concentration of the Soil Solution .—The concentration of the soil 
solution in most soils in humid regions is so small that it has only a slight 
effect on the diffusion-pressure deficit of the soil water. In alkali or saline 
soils, on the other hand, the concentration of the dissolved salts in the 
soil water is often sufficient to raise the osmotic pressure to a very con¬ 
siderable value—in extreme situations to 100 atm. or even higher. Copious 
applications of fertilizers to greenhouse or agricultural soils, especially if 
sandy, or irrigation with water containing dissolved salts in considerable 
concentration, often result in raising the osmotic pressure of the soil solu¬ 
tion to a value of several atmospheres or more. 

The diffusion-pressure deficit of the soil water, except when soils are 
relatively dry, i.e., below the field capacity, is essentially equal to the 
osmotic pressure of the soil solution. In general, the rate of absorption of 
water decreases, often almost proportionately, with increase in the osmotic 
pressure of the substrate (Rosene 1941, Hayward and Spurr 1943, Long 
1943, and others). The effect of solutes on the movement of water into 
roots appears to be principally an osmotic one, specific effects of ions 
playing only a secondary role. Plants may, within limits, become adjusted 
to an increase in the concentration of the substrate solution, inasmuch as 
the osmotic pressure of the cells of a plant may increase under such con¬ 
ditions (Table 12). Hence a plant in which the absorption rate is 
markedly reduced when its roots are first brought into contact with a 
substrate solution of higher osmotic pressure than the one in which it had 
been growing may. after an interval of time, largely or entirely regain its 
original rate of water absorption. Most plants can develop normally only 
when the osmotic pressure of the substrate solution does not exceed a few 
atmo.‘ 'hcres. Halophytes, i.e., plants indigenous to saline or alkali soils 
or substrates, are the only important exception to this statement. 

Absorption of Water and Water Vapor by Leaves. —Leaves and other 
aerial parts of plants frequently become wet as a result of rain, dew, or 
fog. Floods also sometimes result in a temporary immersion of aerial plant 
organs. Wetzel (1924) found that, of a large number of species investi¬ 
gated, practically all absorbed some water directly through the leaves. 
The turgidity of the leaves was restored from the wilted condition in most 
species after immersion in water for 24 hr. or less. Absorption of water 
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occurred directly through the epidermal cells rather than through the 
stomatcs. In nature, however, absorption of water through the leaves is 
only rarely a factor of importance in the water economy of the plant. 

Prolonged immersion of the leaves of many species in water leads to 
opening of the stomates and, under certain conditions, also to an injection 
of the intercellular spaces with liquid water. Tiny droplets of water are 
sometimes projected through the stomates as a result of splashing during 
heavy rains or during the artificial spraying of leaves. Partial or complete 
injection of the intercellular spaces with liquid water is sometimes brought 
about in this way, especially in species with large stomates. 

Under certain' conditions leaves and other aerial organs can absorb 
water vapor directly from the atmosphere. Stone, et al. (1950) have 
shown that seedlings of Coulter pine (Pinus coulteri) , in a state of 
permanent wilting, absorb water-vapor from saturated or near-saturated 

atmospheres. 
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tion of water by the plant during > - 

tr T^°r to^:" S often exhibit wi.tin* ... after a bent. 
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water content close to the permanent wilt nu 1 soil at the permanent w 
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ing percentage when they will absorb watt 
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corresponding to a value less than that of the permanent wilting percentage 
(Table 10) ? 

6. Two similar, small potted tomato plants are selected and the root systems 
of one killed by heating the soil to 70°C. The soil in both pots is then saturated 
with water and the plants set in a greenhouse and allowed to remain there until 
death results from water deficiency. Plot curves showing how you would expect 
the rate of water absorption to vary in each pot as the soil dries out. 

7. Some kinds of plants have a much larger “water requirement” (amount of 
water absorbed per unit dry weight accumulated) than others. How can such 
differences be accounted for? 

8. Why is the watering of some kinds of house or greenhouse plants with 

water from a tap often harmful during the winter months? ^ 

9. Assuming the soil moisture to be at the field capacity and “standard day 
conditions, show by means of two curves how the rates of active and passive 
absorption would vary in a vigorous tomato plant over a 24-hour period. 

10. Assuming a clear, warm summer day, and soil moisture at the field capac¬ 
ity, what will be the effect on the rate of water absorption of severing the stem 
of a vigorous herbaceous plant at the soil level at noon? Illustrate by means of a 
curve. 



XV 

THE INTERNAL WATER RELATIONS 
OF PLANTS 


In preceding chapters the loss of water 

water through plants, and the absorption o »> r -, ressc= although it 

have been considered more or less as independent 

should have become increasingly evident as the disuss.onprogrcssedth 
the internal hydrostatic system of plants is essentially “ 

“• -r‘ -“rirr^rs' ™ 

in position and shape by an amoun retained Even in 

nbl, ...» ,, in 0. VO.™ » 

woody species of plants, * n ^mh th P as a continuou6 unit 

water is greater, the water in the P* «- flnw of water are con- 

system. Within this unHW ■deficit of the water 
tinually in progress. A shift in the influence, sooner or later, but 

in any part of this unit system wi , rts 0 f the system. Such 

usually within a relatively short time, in water in one part 

effects of changes in the diffusion-pressure d " othcr parts 

of this system upon the diffusion-pressure deficit of ^ ^ of 

of the same system are -^^Than when^water is moving into the 
water is slow, or has ceased entirely, 

roots of a plant at a relatively rapid ra e. among agriculturists 

Wilting. “One of the commonest of “^rvations among 

and gardeners is that the leaves of many species o 1 
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hot summer afternoons, only to regain their turgidity during the night 
even if the plants are not provided with additional water by rainfall or 
irrigation. In dry, hot regions, or during hot weather in more temperate 
regions, such a phenomenon may be a regular daily occurrence, even dur¬ 
ing periods when the soil is well supplied with water. This familiar reac¬ 
tion of plants is called temporary or transient wilting and clearly results 
from a temporary excess of the rate of transpiration over that of absorp¬ 
tion. As a result the total volume of water in the plant shrinks, although 
not equally in all the tissues. In general, diminution of water content is 
greatest in the leaf cells. The condition commonly called wilting is in¬ 
duced whenever the shrinkage in the volume of water in the leaf cells is 
sufficient to cause them to lose all or most of their turgor. 

Wilting as a visible phenomenon is confined chiefly to species in which 
the leaf tissues are composed largely of thin-walled, parenchymatous 
mesophyll cells, and in which the leaves are maintained in their usual 
firm, expanded condition principally by the turgidity of such cells. Ex¬ 
ternal manifestations of wilting can also be observed frequently in young 
succulent stem tips, floral parts, and even fruits. Root hairs also wilt very 
commonly, although such wilting usually cannot be observed except under 

experimental conditions. 

In many species of plants the leaves are supported largely by lignified 
tissues. Examples of species bearing such leaves include many of the ever¬ 
greens such as pines, holly, mountain laurel, etc., and numerous sclero- 
phyllous species common in the semi-arid regions of many parts of the 
world. Such leaves wilt just as do parenchymatous ones in the sense that 
a marked loss of turgor may occur in the leaf cells. The wilting of such 
leaves is not usually characterized, however, by the drooping, folding, or 
rolling which are the visible symptoms of wilting leaves composed prin¬ 


cipally of parenchymatous tissues. 

Even on days upon which visible wilting does not take place, incipient 
wilting is of frequent occurrence. Incipient wilting is the term applied 
when loss of turgor by the leaf cells is only partial; it does not result in 
visible drooping, rolling, or folding of the leaves. Incipient wilting is of 
almost universal occurrence in the leaves ol terrestrial plants on bright, 
warm days whenever environmental conditions are not severe enough to 
induce the more extreme and visibly discernible temporary wilting. Leaves 
passing into a state of transient wilting always first pass through the stage 
of incipient wilting. Both incipient and transient wilting are to be dis¬ 
tinguished from permanent wilting (see later) which results, not from a 
temporary excess of transpiration over absorption, but from a deficiency 
of water in the soil. Plants do not recover from permanent wilting unless 
the water content of the soil in which they are rooted increases. 


VARIATIONS IN THE WATER CONTENT OF LEAVES 

As a general rule the leaves wilt first, because they are the organs from 

becomes more severe. L- of ™ ,s thus n ,, ting of any 

equal throughout all of the tissues o i u<;ec i to 

or other plant parts, but also of “wilted P,„ h in least 
As a general rule the senates ^T.^J^^uiening of the ,»«»- 
some species their closu.eisprece y enlargem ent in the site of the 
atal aperture (Muller, 1937). P ' - . of turgor by the contigu- 

stomatal pore may result from a 1 permitting a slight further 

ous epidermal cells than by the guar ot , - observed to lead to 

expansion of the latter. Prolonged wilting hM ^°^^ ing to Iljin 

a reopening of the stomatcs of a ml ™ ° t ^ r con tcnt of a leaf causes 
(1932), although a moderate decrease in (C , X ), a more pro¬ 
conversion of sugar to starch in t ic guart H cnC c the diffusion-pres- 

nounced water loss induce.= the reverse ^^ attftin8 such a value 

sure deficit of the guard cells cvcn from adjacent cells which 

that movement of water occurs in turgor of the guard 

are in a flaccid condition. The resulting 

cells causes them to open. internal hydrostatic sys- 

Because of its effects on the dynam.es of effects 

tem and upon the stomates, wilting mi l ^ ome of t bese effects have 

upon physiological condition?; an q( fftctors influencing the peri- 

received attention earlier in narticularlv those upon plioto- 

odicity of transpiration; other chapters, 

synthesis and growth, will recent Leaves.— Although a daily 

Daily Variations in the Water ConM body of a plant is 

variation in the total volume o " a vbcn0V er transpiration is oecur- 

a common and almost regular “^^exncrhnental difficulties involved 
ring at appreciable rates, beca • j n terms of entire plants, 

no studies have been made of tins phenomenon ^ o( thc diurnal 

A number of investigations ° )C d 0 ther plant organs, 

variations in the water content of lea ^ in th( , water content 

Stanescu (1936) has studied the dmJ ^ ( ricusp idata ). Thc deternu- 
of the leaf blades of Boston Ivy (Ai p i ember> but there is no rea- 
nations were made on a clear i a> m c . different under standard 

son for believing that results would be grea y 
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day conditions (Chap. X). As shown by his data (Fig. 74), the leaf-water 
content decreased during the morning and early afternoon hours, reaching 
a minimum at about 5:00 P.M. Thereafter the leaf-water content in¬ 
creased, culminating in a maximum which was attained at about 1:00 
A.M. During the early morning hours the leaf-water content again de¬ 
creased. Similar observations have been made by Kramer (1937) on leaves 
of several species. In the sunflower, for example, the minimum leaf-water 
content was attained at about 4:00 P.M., and the maximum at about mid¬ 
night. The most probable explanation of the occurrence of the maximum 
leaf-water content during the middle hours of the night is that during the 
early morning hours the leaves lose water by translocation to other organs 
of the plant. The mechanism of such internal redistributions of water in 
the body of a plant is discussed later in this chapter. Under such con- 



Fto. 74. Daily variation in the water content of leaves of Boston ivy (Ampelop- 

sis tricuspidata ). Data of Stanescu (1936). 

ditions the water content of the plant as a whole might be increasing 
as a result of continued absorption of water, while that of certain organs, 
such as the leaves, might be diminishing. 

The magnitude of the frequently recurrent diurnal reduction in the 
water content of the leaves and other organs of a plant varies not only 
with the species, but also with the environmental conditions and their 
influence on the relative rates of transpiration and absorption of water. 
On cool, cloudy or rainy days when the soil is well provided with water 
often little or no water deficit develops within the plant during the day¬ 
light hours. On bright, sunny, but not extremely hot days, while the soil 
water supply is abundant, an internal water deficit will develop, but it 
seldom is severe enough to induce more than incipient wilting. On clear, 
hot days, especially when the soil water supply is not entirely adequate, a 
more marked shrinkage in the volume of water within the plant usually 



transpiration and absorption of water 

occurs which is often of sufficient magnitude to induce temporary wilting. 
Only if the available water supply in the soil becomes so low that absorp¬ 
tion of water virtually ceases will the plant pass into a state of permanent 

Wi “^magnitude of the reduction in the water content of the leaves re- 

»s»i” 

cies incipient wilting > s extrcl y f primarily to wilting of the 

of leaves may decrease as mue 1 P shrinkage in area de- 

of a bright warm day, the exac ' ™“^ vaiUn environmental conditions 
pending upon the species and p cvcn^hc thickness of the leaves 

Sck^species as they pass from a turgid into 

a flaccid condition. of Transpiration and the Absorption of 

Comparative Daily Per odici ilt - an(1 t h e experimental re- 

Woter. —The observed phenomenon of . w f Gr cont ont of leaves and 
suits showing that a daily dimimi ion in indirect evidence 

other piant organs is of “ds tL rite of absorption of 

that the transpiration rate fr q & fcw i nvcst igations have been 

water during the daylight. hou ^ O mcasurcments have been 

undertaken, however, in \\h ■ , periods 

made of transpiration and absorption rate, of the same pia 

of 24 hr. or longer. containers which were provided 

Kramer (1937) grew plan s thc sQ \\ Each of these irriga- 

with auto-irrigatore of porous c ay ^ of water which was set at a 

tors was connected by tubing absorbed by the plant from the 

lower level than irrigater"which is kept 

soil, more moves into the . oil water in thc reservoir, 

filled by thc pressure of the atmoapher ^ ^ sq that , oss of 

Prior to an experiment the co weighing thc container 
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observation upon the volume of water which had been absorbed from the 
reservoir it was possible to make parallel determinations of the rates of 
transpiration and absorption. Except for the fact that the soil was 
irrigated the plants were grown under approximately standard day 

conditions. . 

The results of one of the experiments in which loblolly pine (Pinus 

taeda) was used are shown in Fig. 75. As shown in this figure there "as 
a distinct lag in the rate of absorption as compared with the rate of tran¬ 
spiration during the daylight hours—he., during the period of relatively 
high transpiration rates. There was also a fairly well marked tendency, 
shown clearly on the second day of the experiment, for the peak absorp- 




75. Comparative daily periodicities of transpiration and absorption of 
water in the loblolly pine (Pinus taeda). Data of Kramer (1037). 


tion rate to occur somewhat later in the day than the peak transpiration 
rate. This effect was more pronounced in experiments performed on other 
species by the same investigator. During the night hours the rate of 
absorption was continuously higher than the rate of transpiration. In 
other words, the tissues of the plant were being progressively depleted 
of water during the daylight hours, while their water supply was being 
replenished at night. 

In this type of experimental setup it is possible that part of the water 
deficit observed to develop during the daylight hours may have occurred 
in the soil rather than in the plant. That this source of error is not serious 
enough to invalidate the conclusions just drawn can be shown by similar 
experiments in which plants are grown with their roots in potometers 
adapted to weighing. Even when the roots of plants are immersed in water 
an internal water deficit develops during periods of high transpiration 
because of a lag in the rate of absorption of water as compared with the 
rate of transpiration. 

In all probability in soils in which the water content is at the field 
capacity or lower, the rate of absorption often shows a more pronounced 
lag as compared with transpiration than in soils in which capillary move¬ 
ment of water can occur more readily, as is the case when water is sup- 



DIURNAL VARIATIONS IN OSMOTIC QUANTITIES 

plied by auto-irrigators. The lag in the rate of water absorption behind 
the rate of transpiration results largely from the relatively high resistance 
of the living root cells to the passage of water across them (Kramer, 

1938) 

Diurnal Variations in the Osmotic Quantities of Plant Cells.— Determina¬ 
tions of daily variations in the water content of leaves and other plant 
organs have been valuable in elucidating the principle that development 
of an internal water deficit is a phenomenon of almost daily occurrence in 
most plants during their growing season. However such determination 
alone are inadequate to give a complete picture of the dynamic aspects of 
the internal water relations of plants. The same change in water content, 
for example, which induces a certain shift in the turgor pressures or dif¬ 
fusion-pressure deficits of the leaf cells of one species may have a very 



different effect upon the turgor pressures or diffusion-pressure defieds^n 
the leaf cells of another species. The influence of fluctua tons n water 

content upon internal movements of water and upon P h £^“^’ C h 
esses canLly be fully interpreted if the status ofthewaterpresent. 

expressed in terms of diffusion-pressure deficits or analog 

Un Dai,y variations in the osmotic pressures of leaves and 

organs are of common occurrence. Su * h ' f a " 1 “^ S Their magnitude and 
in aerial than in underground organs o p • .. . tQ w j l j c j l 

direction are strongly influenced by the environmen j iavc been 

the plant is subjected. Daily variations in osmotic P - The 

studied more extensively in leaves than in o ier orga ^ gcovarius, 

data for the leaves (Fig. 76) of the P ra, " e although less marked 

were obtained under drought conditions, b 
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diurnal variations in the osmotic pressures of leaves are undoubtedly of 
regular occurrence in most species, at least on clear, warm days. 

The rather consistent increase in the osmotic pressures of leaves which 
usually occurs during the daylight hours is undoubtedly conditioned prin¬ 
cipally by two factors: the accumulation of soluble carbohydrates or other 
organic compounds resulting directly or indirectly from photosynthesis, 
and the decrease in the water content of the cells resulting from an excess 
in the rate of transpiration over the rate of absorption of water. The 
minimum leaf osmotic pressure, which is usually attained between mid¬ 
night and dawn, probably corresponds to a period when the leaf cells are 
at a relatively high water content, and at a minimum organic solute con¬ 
tent as a result of continuance of translocation of organic solutes out of 
the leaves during the night. 

Under standard day conditions (Chap. X) the diffusion-pressure deficit 
of the leaf cells is usually low in the early morning hours, rises until late 
afternoon, and then decreases during the night hours. During the early 
morning hours the cells often approach their maximum turgidity. In the 
late afternoon their turgidity is often low (incipient wilting) and their 
diffusion-pressure deficit approaches the osmotic pressure of the cells 
(Herrick, 1933). When the diffusion-pressure deficits of the leaf cells be¬ 
come equal to their osmotic pressures, the turgor pressure of those cells 
is zero, and the leaves are in a distinctly wilted condition. As already 
mentioned in Chap. XII, and as discussed more fully later in this chapter, 
in at least some kinds of plants it is possible for the diffusion-pressure 
deficits of leaf cells to exceed their osmotic pressures because of the 
development of tensions within the cells. 

The increase in the diffusion-pressure deficits of leaf cells which usually 
occurs during the forepart of the daylight period results from the simul¬ 
taneous operation of the factors of increasing osmotic pressures and de¬ 
creasing turgor pressures, the latter in turn resulting from the gradual 
diminution in the volume of water in the cells. Similarly the decrease in 
diffusion-pressure deficits of leaf cells which usually begins sometime dur¬ 
ing the afternoon, and continues during the night hours, results from the 
concurrent effects of decreasing osmotic pressures, and a gradual replen¬ 
ishment of the cells with water, the latter in turn resulting in a progressive 
increase in the turgor pressures of the cells. 

Similar, although probably less marked, diurnal variations undoubtedly 
also occur in the osmotic quantities of the cells in the other organs of 

plants. 

Permanent Wilting. —This term refers only to wilting from which a 
plant will not recover unless the water content of the soil is increased. 
It is engendered by the development in the soil water of a diffusion- 
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pressure deficit so great that the rate of movement of water into the plant 
is inadequate for the maintenance of turgor. As with transient wilting 
visible symptoms of permanent wilting are apparent only in thin-leaved 
species Of plants, but physiologically equivalent conditions may develop 

in practically all terrestrial species. 

In a soil that is slowly drying out, temporary wilting slowly grades 
over into permanent wilting. Under such conditions, each night recovery 
of the plant from temporary wilting occurs more slowly and is less com¬ 
plete until finally even the slightest nocturnal recovery fails to take place 
and the plant passes into a continuous state of permanent wilting which 
grows progressively more drastic the longer that it persists. 

Since plants enter the state of permanent wilting by a gradual transi¬ 
tion from a condition of temporary wilting, the early stages of this phe¬ 
nomenon are not greatly different from those of transient w.l mg except 
that there is no nocturnal recovery of turgor. As the available water m 
the soil becomes depleted, continuity of the soil water with the water 
the plant is interrupted, and the water mass in the plant becomes essen¬ 
tially an isolated unit hydrostatic system. \\ hen this condition prev ails 
the stress in the hydrostatic system gradually becomes intensified, since 
even if the stomates are closed as they usually are in P^manently w dted 

plants, cuticular transpiration continues, thus gra ua y re uc 
tal volume of water within the plant. The water content of the leaves 
of permanently wilted plants is less than that o plants m a late of tran¬ 
sient wilting, and gradually decreases during the 

nent wilting. This is also true of the other organs of pianU. Maintenance 
of plants in a state of permanent wilting or more than a few days often 
results in death of the root hairs as a result of a deficiency of water. Th, 
is one reason why recovery of many plants from permanenttv ,1 mg tak s 
place very slowly even after water again becomes ava kUc. so. 

Continued gradual reduction in the volume of water in the plant It 
mately may throw some or all of the residual mass o water inUa sUte 

of tension, just as a reduction in the volume of water in a • " 

have the same effect. A tension generated in the water columns, if of 
sufficient magnitude, will, in some species at least, be P r °P“^ a " 01 

leaf cells and other tissues of the plant. A though it “«“*“** 

of the tensions developed in the interna jy ™s a . y ^ tension 

largely in terms of the water “Imnns the x.stence^o^ Continued 

in plants is not necessarily confioed to th d y ^ fo]|en to # 

withdrawal of water from a cell afterjts to g ^ thc cd , nip _ 

zero value can have one of t\so results Tensions of a very con- 

tures or else it is thrown into a state of tension. Tensions trf “ of 

siderable magnitude undoubtedly develop m a ea 
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many species when subjected to permanent wilting. According to Chu 
(1936), under conditions of a severe internal water deficiency, the water 
in the loaf cells of many species of trees, both coniferous and deciduous, 
passes into a state of tension. 

Shrinkage in the volume of water in a cell to the point at which it passes 
into a state of tension results in the protoplasm and cell walls being sub¬ 
jected to an inward pull because of the strong adhesion between the water 
and the cell walls. Under such a condition the turgor pressure of a cell has 
a negative value. The greater the tension to which the water in the cell 
is subjected the greater the pull exerted by the contracted mass of water 
upon the cell walls. The cell walls of plants are often distorted by the 
ccntripetally directed pull which they sustain when the water within them 
is under tension. It has been observed that the shrinkage in the volume 
of the cells of a number of species during wilting results in an inward 
folding or crinkling of the cell walls because of the centripetal pull to 
which they are subjected (Thodav, 1931; Engmann, 1934). On the other 
hand, the walls of some plant cells are so rigid that they can sustain the 
development of a considerable tension in the enclosed water without any 
apparent distortion. 

It is generally believed that tensions of a very considerable magnitude 
can develop in the water columns of permanently wilted plants, probably 
ranging up to 100 atm. and perhaps even higher. In some drought resistant 
species the water columns apparently can be maintained in a state of 
high tension for weeks or even months without breaking. In many species, 
however, gradual intensification of the tension in the water columns 
sooner or later leads to the entrance of air and consequent breaking of 
the columns. 

Internal Redistributions of Water in Plants. —Although the possibility 
that metabolically activated mechanisms of water movement operate in 
plants (Chap. VIII, XIV) cannot be overlooked, the preponderance of 
available evidence indicates that the primary mechanism of water move¬ 
ment in plants is purely a physical one. Whenever a plant is replete with 
water, differences in diffusion-pressure deficits from one organ or tissue to 
another sink to a minimal value. But whenever absorption of water by 
a plant is occurring at a rate which docs not compensate for the rate of 
transpiration, an internal water deficit develops and marked differences 
in diffusion-pressure deficit may be engendered in some parts of the plant 
as compared with others. Under such conditions redistribution of the 
water present in the plant may occur from one organ to another. The 
greater the internal water deficit, the greater the likelihood that such 
internal movements of water will occur. 

Internal movements of water from fruits to leaves or vice versa seem 
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to be of especially common occurrence. The results of Bartholomew 
(1926) on the diurnal expansion and contraction of lemon fruits illustrate 
this phenomenon (Fig. 77). Such measurements are made with an auxo- 
graph, an instrument which automatically records variations in the diam¬ 
eter of plant organs. As shown in this figure the lemon fruit began to con¬ 
tract in volume each day at about 6:00 A.M. and continued to shrink 
until about 4:00 P.M. Evidently during this part of the day, which cor¬ 
responds to the period of high transpiration rates, water was mo\ ing out 
of the fruits into the other organs of the tree. Transpirational water loss 
from the fruit itself was negligible. Between the hours of 4:00 P.M. and 
6:00 A.M. the next morning the volume of the fruit gradually increased, 
indicating that water was moving back into the fruit during this period. 
These results illustrate strikingly the fact that water can move in cither 



F.g. 77. Daily variations in the diameter of lemon fruits. Data of Bartholomew 

(1920). 

direction through the xylem, depending upon the relative magnitudes of 
the diffusion-pressure deficits in different parts of the plant. Marked da y 
fluctuations in the diameter of lemon fruits were apparent even under 
environmental conditions which resulted in no observable wdtmg of the 
leaves. Greater diurnal fluctuations in the d.ameter of the fruits were 
found to occur after the trees had gone without irrigation for several 
weeks than when irrigation water had recently been applied. 

The behavior of cotton bolls, however, during their en 
of about 16 days is quite different from that just described 
(Anderson and Kerr, 1943). Auxographie measurements of bolls.during 

this period show that their diameters increase consistently although a 

somewhat greater rate during the daylight than during the night hours 
(Fig. 78). The bolls continue - 

leaves arc severely wilted, indicating tna , , , ? 

water continues"^move into the growing fruits^ After enlargement ofthe 

cotton bolls has ceased however, reversiblechang^ ^ fnjUg Such 
similar to thnsp wliich take place in well l . 

daily variations in volume doubtless are of 
other kinds of succulent fruits in which fc 
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Growing stem tips may continue to obtain water even when the older 
parts of the stem are losing it (Wilson, 1948). By attaching auxometers 
in pairs to stems of tomato plants, one to the growing tip, and another at 
the first node below the growing tip (above which elongation occurs) this 
investigator was able to determine changes in length of the stem both 
above and below the first node. Growth in length of the stem above the 
first node was at approximately the same rate both day and night. The 
stem below the first node, however, showed a measurable shrinkage in 
length during the daytime, and an equal elongation at night, undoubtedly 



(1943). 


corresponding to reversible changes in the turgidity of the stem cells. 
Obviously the merietematic stem tip cells continued to obtain water dur¬ 
ing the daylight hours while the rest of the stem was losing water, and 
some of the water utilized in their growth probably came from the older 
stem cells. 

It 6eems probable that, as a general rule, actively meristematic regions 
such as growing stem and root tips, and enlarging fruits, under conditions 
of internal water deficiency, develop higher diffusion-pressure deficits 
than other tissues. There are experimental indications that the diffusion- 
pressure deficits of such tissues are largely of imbibitional rather than of 
osmotic origin (Chap. VIII). Hence even under conditions which induce 
temporary wilting of the leaves, water often continues to move into men- 
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stematic regions in quantities sufficient to permit a continuation of growth. 
Under conditions of severe internal water deficiency, approaching or cor¬ 
responding to a state of permanent wilting, however, growth of all meri- 

Btems is greatly retarded or inhibited (Chap. XXIX). 

Drought Resistance.—Some species of plants are better able than others 
to survive and develop in habitats in which a dearth of water is frequent 
or usual. This capacity of surviving periods of drought with little or no 
injury is termed drought resistance. All perennial species of plants native 
to semi-arid regions are more or less drought resistant. This same state¬ 
ment is true for those species indigenous to local habitats which, for one 
reason or another, are unduly dry, even in humid climates. Drought re¬ 
sistant species or varieties of plants are important in the agricu tura 
economy of certain regions, such as the “dry-fanning areas of \sestem 
United States. Certain varieties of crop plants are much more productive 
in dry regions than other varieties of the same species. Examples are the 

durum and emmer varieties of wheats. . . , 

The term “drought” is not in itself subject to any rigid definition. In 
general, however, this term refers to periods during which the soil contains 
little or no water which is available to plants. In the more humid climates 
of the world such periods are relatively infrequent and seldom last very 
long except in certain local habitats. The more arid a climate, in genera , 
the more frequent the occurrence of periods of drought, and the longer 
their duration. Most species of plants can survive short dry periods with¬ 
out serious injury, but only those possessing a well-developed capacity or 
drought resistance can avoid death or serious injury' during prolonged 


periods of soil-water deficiency. . ,. 

Soil drought conditions are often accompanied by atmospheric cond - 
tions-high temperature, low humidity, and often relatively high wind 
velocities—which favor high transpiration rates. Such atinosi her 
drought” is not only a frequent accompaniment of soil drought, hut some¬ 
times occurs in the absence of soil-water deficiency. mosp c rlc ‘ 
often induces transient wilting of plants during the daylight hours Some¬ 
times atmospheric drought alone may have devasta mg effccts upon 
plants. Hot, dry winds sometimes sweep across grain fields of the western 
United Stales killing or seriously injuring plants, even dunng periods 

when the soil-water content is still relatively hig . . . .. , 

Most species which grow in semi-arid regions such as the deserts of 

the southwestern United States, or in locally dry habits can be eon- 

vcniently classified into three groups: (1) ephemcrals, 


(3) drought-enduring species. vcgcta tion of all semi- 

The ephemcrals are a prominent feature ot tne g 
arid regions which are characterized by definite rainy seasons. With the 
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aavent of rains the seeds of such species germinate, and the entire life 
cycle of the plant is completed within a few weeks. The new crop of seeds 
survives the intervening dry period until the next rainy season. Such 
plants have been termed “drought-escaping” (Shantz, 1927). They are 
no more drought resistant than many mesic annual plants. 

Succulents constitute a considerable proportion of the vegetation of 
most semi-arid regions (Fig. 79) and are frequently found in locally dry 



Fig. 79. Succulents of the semi-deserts of southern Arizona. Left, sahunro 
(Cereus giganteus); right, century plant (Agave parryi) in fruit. Photographs 

by B. S. Meyer. 


habitats such as sand dunes and beaches in regions of humid climate. The 
most conspicuous succulents of the American semi-desert regions mostly 
belong to the cactus family (Cactaceae)-. The other more important 
families of plants which include a number of succulent species are the 
Euphorbiaceae, Liliaceae, Crassulaceae, Aizoaceae, and Amaryllidaceae. 
The succulents are a distinctive group of plants not only in structure, but 
in metabolism (Spoehr, 1919) and water economy as well. Species of the 
succulent habit of growth are able to survive dry periods because of the 
relatively large reserves of water which accumulate in the inner tissues 
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of the fleshy stems or (in some species) in the fleshy leaves. A relatively 
thick cuticle and the.fact that in many succulents the stomates arc gen¬ 
erally open only at night are important factors in permitting t ic conscrva- 
t[on y of wat^r by such species. Many cacti can live for months on this 

stored water even if entirely uprooted from the soil. 

Neither the ephemerals nor the succulents can be regarded as t 

United States and northern Mexico. Tin P ^ ^ ^ 

leaves through both the wet and Danng ^ than 5Q 

water content of the leaves 01 the c c ter contents of the 

per cent of their dry weight ^ generally range 

leaves of most woody mcsic specie , 

between 100 and 300 per cent of their dl 7 " c,g a lichens, and 

«- •— - 

algae, can be reduced to me (heir li(e processes very quickly 

periods, yet remain vlablc : a " ' ply G f moisture. The seeds of 

when they are again provide ^ V m ay be reduced 

many species are drought resistant in the 

to a nearly air-dry condltlon , re ^ t ance of -drought-enduring" plants 
All attempts to explam droug t ^ d inadcqua t e , although cer- 

upon a purely morphological - ai(1 in their survival in dry 

tain structural features of pla extensive root systems in 

habitats. Many xerophytes, for tap a very con- 

proportion to their tops, sue portions of the plant may receive 

siderable volume of soil, cvcn when the rainfall is scanty, 

a fairly adequate supply of ’ ies arc characterized by rela- 

Similarly, many drough " t ^ tn i arelof foliage exposed may be small 
tively small leaves, hence t t ^ e roo t system. The leaves of 

in proportion to the absortnng capa^ y^ geason and their transpiring 

others abscise with the adven , r j od 0 f greatest stress upon 

surface is thus relatively small during the period 

the hydrostatic system. n hic leavefe such as thick cuticle 

The structural peculiarities of xeromorph.c rctard c uticular 

and hypodennal sclercnchyma are _ thc s tomates of xerophytes are 

transpiration. Since during roug « cuticular transpiration aids 

closed most or all ^j^J^^^ining in the plant, 
in the conservation of the 
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Formerly it was believed that drought-resistant species were character¬ 
ized by low transpiration rates and that they are able to withstand 
drought conditions largely because of their economical expenditure of 
water. Investigations by Maximov (1929) and others have shown clearly 
that the transpiration rates of most such species are as great as those of 
typical mesophytes, whenever the soil water supply is adequate. The 
frequently observed low’ transpiration rates of xerophytes result, not from 
any inherent peculiarities of structure or physiological behavior, but from 
the fact that the water content of the soil in w'hich they are rooted is so 
low’ that little or no absorption can occur. 

Another misconception, long current, w'as that xerophytes are more effi¬ 
cient in reducing the soil-w'ater content than mesophytes. The previous 
discussion of the effect of the type of plant upon the permanent w’ilting 
percentage of a soil indicates that there is no valid evidence for such a 
belief (Chap. XIII). 

As the prior discussion has indicated, during a prolonged period of soil- 
w’ater deficiency the store of water in a plant is gradually depleted, largely 
as a result of cuticular transpiration. This is true even of xerophytes. One 
result of this gradual w’ater loss is a progressive increase in the severity 
of the stress in the internal hydrostatic system. The ensuing gradual de¬ 
hydration of the tissues sooner or later results in the death of species 
possessing relatively little drought resistance. Many “drought-enduring” 
species, on the other hand, can endure this condition, which is physio¬ 
logically equivalent to permanent w-ilting, for months at a time without 
suffering irrecoverable injury. 

It seems clear, therefore, that one of the basic factors in the drought 
resistance of plants is a capacity of the cells to endure desiccation with¬ 
out suffering any irreparable injury. According to Iljin (1930), death of 
plant cells as a result of drying is not due primarily to the desiccation of 
the protoplasm, but to the destructive effects upon the protoplasm of vari¬ 
ous mechanical disturbances resulting from dehydration of the cell. Purely 
mechanical effects such as pressure, stretching and tearing often are de¬ 
structive to protoplasm. During drying of cells the protoplasm is often 
subjected to just such effects. The vacuole usually contracts more than 
the cell wall thus leading to distortion and tearing of the protoplasm. Such 
drastic disturbances in the protoplasmic system usually result in its death. 

As shown by the same investigator cells with a small surface in propor¬ 
tion to their volume and cells in which the size of the vacuole is small 
relative to the protoplasmic mass are usually less subject to injury’ during 
desiccation than cells of structurally opposite types. In cells which fall 
into one or both of these classes, dehydration results in relatively little 
mechanical deformation of the protoplasm. 
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IIjin (1933), Etz (1939), and others have shown that many kinds of 
plant cells, including some from highly parenchymatous issues can 
slowly dried until all water disappears from their vacuoles and ubse : 
quently restored to their turgid condition without killing them. Jimap 
pears to indicate that desiccation of the protoplasm per « does not neces^ 
sarily cause its death. The turgidity of desiccated cells can be mstored 

SIS—^ - Xh 

parently can be brought about by either a too rapid drying, or b> 
rapid absorption of water after severe desicca 
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DISCUSSION QUESTIONS 

1. Which of the osmotic quantities of the mesophyll cells of the leaves on a 
maple tree will show the greatest variation during a 24-hour period in mid¬ 
summer under “standard day” conditions? Why? 

2. Leaves of “shade” plants usually wilt upon a reduction in their water 
content of 5 per cent or less, while most “sun” species do not wilt unless the 
reduction in leaf water content is 20 per cent or more. Explain. 

3. At 6 A.M. the water content of the leaves on a certain species of plant is 
found to be 90 per cent; at 4 P.M. on the same day 88 per cent. In terms of 
water per gram of dry weight, what per cent of the water originally present has 

been lost? 

4. In lumbering practice it has been found that logs of yellow pine and some 
other species float more readily if the side branches are not trimmed off until 
several weeks after the tree is felled than if they are removed immediately. Ex¬ 
plain. 

5. Tomato plants which develop during wet seasons are more apt to wilt on 
hot, sunny days than tomato plants which develop under drier conditions. Ex- 

plain. 

6. Plot curves which might reasonably be expected to represent the daily 
variations in transpiration, absorption of water, and tension in the water col¬ 
umns of a sunflower plant (1) on a “standard day,” (2) on an otherwise 
“standard day” with the soil water content approaching the permanent wilt¬ 
ing percentage, (3) on a cool, cloudy day with the soil water content at about 

the field capacity. 
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7. Plot curves which might reasQnably bejxp^ted d *° usi ^ n _ pressure deficit 

as -—— s usted n 

question 6. , -—tonla^m awav from the cell wall ilurins 

8. Why should the tearing “ f the P™ t0 ^ |l th an separation of the protoplasm 
drying usually be more harmful to a pla 

from the wall during plasmolysis. , bcfore the upper leaves. 

9. Why do the lower leaves of a plant ujua.l^^^ leaveg? 

The inner, more shaded leaves be o su j t in penetration of water to n 

10. Why do light showers wh.chdon J te d plants? Why do such 

roots often result in restoring the turgioi . 

showers not always have this effect. severe i Y as a result of a prolonged 

11. Hollow beech trees usually' suffe ossible explanations, 

drought than those with solid trunks, feugge 
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Every actively metabolizing cell is a seat of hundreds of chemical re¬ 
actions, the speed and direction of which are controlled and regulated 
according to complex and integrated patterns. Each of these many diverse 
chemical reactions constitutes a link in some reaction chain leading ulti¬ 
mately to some stable or relatively stable product of cellular metabolism. 
Reaction follows reaction in regular order, each setting the stage for the 
next. 1 he inherent control and regulation of the metabolic system is so 
delicate that physiological processes of great complexity move smoothly 
and rapidly to completion. 

This precise and orderly regulation of the chemical reactions occurring 
in living cells suggests the presence of some mechanism of control. For 
many years this control was believed to be inseparable from the proto¬ 
plasm itself. During the nineteenth century, however, evidence began to 
accumulate which indicated that the mechanism of control might reside in 
certain specific compounds rather than in the protoplasm as a whole. This 
theory received important support when Buchner in 1897 discovered that 
extracts from crushed, lifeless cells of veast plants could bring about the 
fermentation of sugar solutions. Here for the first time was tangible evi¬ 
dence that protoplasm was unnecessary for the oxidation of sugar to 
alcohol and carbon dioxide. Apparently such fermentation occurred only 
in the presence ot certain specific compounds formed in yeast cells and the 
presence of these active molecules in small quantities was sufficient to 
bring about the oxidation of sugars. The term enzyme (literally in yeast) 
was coined to designate these active substances. Since Buchner's original 
discovery, many other enzymes have been discovered and isolated from 
living cells. 
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ENZYMES AND CATALYSTS 

It is now recognized that the orderly progress of each of the many 
chemLr reactionTin living cells is -h-ed through the agency^of en¬ 
zymes. In digestions, for e * amp '^ C °“ P h “(Tamyiase (Chap. XX) 

ones through the action of enzymes^ ^ simpl J mo lecules of the 

converts one fraction of star< * , d to gluc0 .,e molecules by the 

sugar maltose which in turn are hy 

enzyme maltase: 

in (C 6 H 10 O 6 ) + n H 2 0 c ^O u 

Starch 


C12H22OH + H2O 1 CsHieOe 

Maltose 


Glucose 


In similar reactions other «^" VI ^hyS^ Tnt" iS 
(Chap. XXIII) and proteins ^ ^ ^ 

molecules through the action of specin Y . . ( pj iap XXIII 

tion and reduction reactions which are steps in r therefore, that 

also depend upon the presence of work 

living cells must contain large num > ■ have been isolated 

supports this assumption since hundreds of enzymes 

from the cells of a small yeast colony «-c ’ a key ro i c i n metab- 

Enzymes are indispensable ooinpoum > physiological processes of 

olism by bringing direction determine the kinds 

living cells. It is the enz> me *>• • ^ (icullir kinds of food sub- 

of chemical reactions that can c tlcI)cnd upon the enzymes 

stances made or used by plant., . . , hydrolyze starch or 

which are present. A cell h.ckmg ™ZZ ^ ^ 

cellulose cannot use these comp ^ immediately reflected in a change 
the enzyme complement of hMng . ^^ (Bcad , Cf 1948 ). 

in the physiological processes o compounds which influence the 

Enzymes and Catalysts. Ca a • t J ‘ . themselves being destroyed or 
velocity of chemical reactions w> ‘ » , aru( .tcristically, catalysts accel- 
permanently altered in the process. ^ , ensc j n which the term is 

erate chemical reactions and tin® ^ known. Catalysts are effective 

employed, although negative cata y*> a rcaction velocities is pro¬ 
in very small quantities; then in t | lt . y are often specific in 

portional to the quantity of cata y.- P 4 . ^ ^ reaction; a nd, finally, the 

that they influence the rate of on > 0 j same form at the end 

catalyst is present in the same amount and m the 

of the reaction as at the beginning. t j ie characteristics of 

Enzymes appear to have most, but not , 
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TABLE 


jg— A CLASSIFIED LIST OF SOME OF THE MORE 


IMPORTANT ENZYMES 


HYDROLYZING ENZYMES 


Enzyme 

I. Carbohydrases 

1. Sucrase (invertase) 

2. a-Glycosidases 

A. Maltase 

3. 0-Glycosidases 

A. Emulsin 

B. Cellobiasc 

4. cr-Galactosidases 

A. Melibiasc 

5. 0-Galactosidases 
A. Lactase 

6 . Polysaccharidascs 

A. Amylases 
a-Amylase 
0 -Amvlase 

B. Cellulase 

C. Hemiccllulases 

D. Lichenase 

E. Inulase 

F. Protopectinase 

G. Pectinase 

II. Esterases 

1. Lipase 

2. Chlorophyllase 

3. Pectase 

4. Tannase 

5. Phosphatases 

6 . Phosphor\ loses 

A. a-Glucosan phos- 
phorylase 

B. Sucrose 
phosphorvlase 

III. Enzymes hydrolyzing 
nitrogen compounds 

1. Proteases 

A. Pepsin 

B. Trypsin 

C. Papain 

D. Bromelin 

2. Peptidases 

3. Amidases 

A. Urease 

B. Asparaginase 

C. Arginasc 


Substrate 


Sucrose 

Maltose 

Glvcosides 

0 

Ccllobiose 
Rath nose 
Lactose 


Starch 
Dextrins 
Cellulose 
Hemicelluloses 
I.ichenin 
Inulin 
Protopectin 
Pec t ic acid 

Fats 

Chlorophyll a 
Pectin 
Tannin 
Phosphates or compounds 
containing phosphate 
groups 

Glycogen or starch 

+ h,po, 

Sucrose 4 - H 3 PO« 


Proteins 

Proteins 

Proteins 

Proteins 

Polypeptides 

Urea 

Asparagine 

Arginine 


End Products 


Glucose + fructose 
Glucose 

Glucose 4 " nonsugar 
Glucose 

Sucrose + galactose 
Glucose + galactose 

Dextrins 

Maltose, dextrins 
Cellobiosc 

Hexoses and pentoses 

Cellobiose 

Fructose 

Pectin 

Galactose 4 * uronic acid 

Glycerol + fatty acids 
Phytol + chlorophyllide a 
Pectic acid + methyl alcohol 
Glucose + digallic acid 
Phosphate 4 - non-phosphate 


Glucose -1 -phosphate 

Fructose 4 - glucose-i-phos- 
phatc 


Peptones 

Polypeptides 4- amino aads 
Polypeptides 4" amino aC |^ s 
Polypeptides 4" amino acids 
Amino acids 

Ammonia 4- carbon dioxide 
Aspartic acid 4- ammonia 
Urea 4" ornithine 


TABLE I 8—CONTINUED 
DESMOLYZING ENZYMES 


Enzyme 

I, Catalase 
11 . Peroxidases 

HI. Carbonic anhydrase 

IV. Oxidases 

1. Cytochrome oxidase 

2. Tyrosinase 

3. Ascorbic acid oxidase 

V. Dehydrogenases 

1. Succinic dehydrogenase 

2. Alcohol dehydrogenase 

3. Malic dehydrogenase 

4. Lactic dehydrogenase 

5. a-Glycerophosphate 
dehydrogenase 

6. Diphosphoglyceraldc- 
hyde dehydrogenase 

7. Glutamic dehydro¬ 
genase 

VI. Transphosphorylases 

I. Hexokinasc 


2. Phosphoglucomutasc 

3. Phosphohexosioso- 
merase 

4. Phosphohexokinase 

5. Phosphoglyceric 

transphosphorylase 

6. Phosphoglyceromutase 

7. Phosphopyruvate 

transphosphorylase 

8. Phosphotriose 
isomerasc 

VII. Desmolascs 

I. Aldolase 


VIII. Hydrascs 

1. Enolase 

2. Aconitase 

3. Fumarase 

IX. Carboxylases 

1. Pyruvic acid 
carboxylase 

2. Oxalacetic 
carboxylase 

3. Amino acid 
carboxylases 

X. Transaminases 


Substrate 


Hydrogen peroxide 
Hydrogen peroxide 
-f- reduced compounds 
Carbonic acid 

Reduced cytochrome c 

Phenols 

Ascorbic acid 

Succinic acid 
Ethyl alcohol 
Malic acid 
Lactic acid 
Dihydroxyacetone- 
phosphate 

1,3 Diphosphoglyceraldc 

hyde 

Glutamic acid 


Glucose or fructose 

-1- adenosine triphosphate 

Glucose- 1 -phosphate 
Glucose-6-phosphate 

Fructosc-6-phosphatc 

-p adenosine triphosphate 
1,3-Diphosphoglyceric 
acid + adenosine 
diphosphate 
3 . Phosphoglyceric acid 

2- Phosphopyruvic acid 

-f adenosine diphosphate 

3- Phosphogl yceraldchydc 

Fructose-1,6-diphosphatc 


2-Phosphoglyceric acid 

Aconitic acid + HjO 
Fumaric acid -p H/D 

Pyruvic acid 

Oxalacetic acid 

Amino acids 

Amino acids + organic 
acid 


End Products 


Water + Oxygen 
Oxidized compounds 
-p water 

Carbon dioxide + water 

Oxidized cytochrome c 
Quinones 

Dehydroascorbic acid 

Fumaric acid 
Acetaldehyde 
Oxalacetic acid 
Pyruvic acid 
a-Glycerophosphate 

1,3-Diphosphoglyceric acid 

a-Ketoglutaric acid -p NHj 


Adenosine diphosphate 
+ glucose- or fructose-6- 
phosphate 

Glucose-6-phosphate 

Fructose-6-phosphate 

Fructose 1,6-diphosphate 
-F adenosine diphosphate 
3-Phosphoglyceric acid 
-F adenosine triphosphate 

2-Phosphoglyceric acid 
Pyruvic acid -p adenosine 
triphosphate 
Dihydroxy acetone 
phosphate 

Dihydroxyacctone phos¬ 
phate -F 3-phosphoglyceral 
dehyde 

2 phosphopyruvic acid 
+ HjO 
Isocitric acid 
L Malic acid 

Acetaldehyde + carbon 
dioxide 

Pyruvic acid + carbon 
dioxide 

Amines + carbon dioxide 

Deaminated amino acid 
-F aminated organic acid 
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catalysts and are often defined as organic catalysts made by living cells. 
They enormously accelerate the rate of chemical reactions; they are effec¬ 
tive in very minute amounts ; they are specific, since each enzyme is asso- 
ciate'd with only one chemical reaction or with only one land ot chemical 
reaction. The Apparent differences between enzymes andl catn y . 

first that some of the molecules of enzymes are inactivated or y 

portional to the concentration of the enzyme The destruction 

Tor S 'this reason, an exact proportionality between concentration and 

remdion velocity^may^no^always^existu^d ^ which an enzyme acts is 

r£ n the“r t te s E u=:. rs xf 

the hydrolysis of cellulose is called cellulose and the enzymes which y 
a i o fats fliDoids) are known as Upases. Sometimes the name giv 

the' particular substrate molecule utilized. Enzymes which catalyze th 
transfer of hydrogen atoms from one compound to another, for exampl , 
Je known as dehydrogenases. Both the substrate molecules and the kind 
Of reaction are sometimes indicated in the name of the enzyme as in iam 

cinic add dehydrogenase or cytochrome oxidase. The ™“P^ nd3 tha 
formed as a result of the action of an enzyme on a substrate arc k 
asTe end products of the reaction. Thus, when the enzyme sucrose acts 
"pon cane sugar (sucrose), equal numbers of glucose and fructose mole- 

cules are formed: 


C12H22O11 -j- H2O 
Sucrose 


Sucrase 


> CfiH^Oe + C0H12O6 

Glucose Fructose 


wMch they catalyze. Most of them can be classified under one 1 or 

-fie 

molecules' by the addition of water. Digestive enzymes, in general, are 
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of this type. The reactions catalyzed by desmolyzing enzymes are more 
diverse than those catalyzed by hydrolyzing enzymes. In general they 
catalyze other than hydrolyzing reactions such as the breaking of linkages 
between carbon atoms, the addition or removal of atoms or atomic groups 
from molecules, and the shifting of atoms or groups from one part o a 
molecule to another. Enzymes involved in respiration and fermentation 
(Chap. XXII) are of the desmolyzing type. In Table 18 are listed most of 
the enzymes known to be of importance in the higher plants. ** n y 0 
the enzymes tabulated catalyze the reverse reaction as well as the one 
indicated. All details of all of the reactions cannot be shown in a summary 
table of this kind. The roles of many of these enzymes are considered more 




fully in later chapters. , . 

The Chemical Structure of Enzymes.—Mary of the early studies of en¬ 
zymes showed that they exhibited properties such as heat sensitivity, 
colloidal dimensions and pH sensitivity which suggested that they pos¬ 
sessed many of the properties of proteins. All efforts of earlier inves i- 
gators to isolate enzymes as pure substances failed, however, an no un 

1926 did Sumner succeed in isolating 
the enzyme urease in pure crystalline 

* . . ■ . « _ A, _ 


J VMWV ••• t - 

form and showing it to be a protein. 
Since then a number of enzymes have 
been isolated from plant and animal 
tissue, each one proving, upon criti¬ 
cal study, to be a protein. A number 
of the enzymes have been obtained 
in the form of beautifully shaped 
crystals (Fig. 80). It is now gener¬ 
ally recognized that all enzymes are 
basically proteins, although many of 
them also have non-protein groups 
attached to the protein molecules. 
The fact that many enzymes have 

A m M — 





Fi<;. 80. Crystals of tlu* enzyme 
urease from jack bean (Conavalm 
ensiformis ). Photograph courtesy ot 
Dr. J. B. Sumner. 


* »»v iavt mat - 

been crystallized and shown to be increased our un- 

protein molecules of varying complexity has not gre y enormous i y 

demanding of their behavior, however. The intricate and enormously 

complicated architecture of protein molecules - ’ satisfac- 

baffles the most skillful chemists, stands in the way of^a y ’ ry 

tory comprehension of the way in which ensymes accomplish 

*'The molecular structure of enryme molecules appears ^oMwo^cn- 
eral tvoes* fl) Simple protein molecules (simple only 

and Xroiin molecules to which some non-protein (prosthetic) group 
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is attached. The prosthetic group may itself be highly complex in its 

molecular architecture. . , , . of hvrlrn- 

Enzyme molecules of the first group include a number of the hydro 

lyzing enzymes such as urease, amylase, and papain. These enzyme P 

pear to consist only of protein and to possess no "on-protem groups 

enzyme molecules of this kind the molecular orientation of each of the 

many amino acid groups which together make up the protein molecule 

probably plays a role in determining its catalytic activity. 

The oxidizing-reducing enzymes (Chap. XXII) all belong in 

ond group. In some of these enzymes the prosthetic (active) g™ u P 

a metal or an organic group which includes a metal Iron, copper ,, an 

zinc are all known to form a part of the molecules of some “ 

zymes. Other oxidizing enzymes contain organic groups, often of grea 

complexity, in addition to the protein moiety. 

Many of the dcsmolvzing enzymes can be separated into a protein frac 

tion and a coenzyme which represents the prosthetic group. Because o 
differences in dissociability it appears that the active groups of some such 
enzymes are usually attached to the protein as prosthetic groups, whi 
the active groups of others exist in the protoplasm apart from the protein 
and are called coenzymes. Although the coenzymes are often referred to 
as the active groups of the system they must he linked to or c'^ely asso- 
ciated with the protein component for the enzyme to be fully effective as 
a catalyst. Coenzymes include a wide variety of compounds, some ot 

which arc built up in part from vitamins (Chap. XXVIII). 

Enzyme precursors, often called zymogens, are sometimes present in 

cells Such precursors are inactive until converted into enzymes. T e co 
pounds which bring about the transformation of precursors to enzymes are 
called kinases. A number of kinases have been identified, but relatively 

little is known about the mechanism of their action. 

For more detailed discussion of the structure of enzymes such refereneeB 

as Northrup et al. (19481, Stem (1944), Sumner and Somers (1947) an 

Lardy (1949) should be consulted. . u ftre 

General Properties of Enzymes.-l. Catalytic properties -Catalysts Me 

substances which, although present in only small amounts and unaffecte 
by the reactions they accelerate, bring about chemical changes in rela 
lively large quantities of reacting materials. Similarly, a very small quan¬ 
tity of an enzyme can catalyze the transformation of vastly larger quan 
titles of the substrate. It has been estimated, for example thattheenzym 
sucrase (“invertase”) can effect the hydrolysis of at least 1 , 000,000 tun 
its own weight of sucrose without exhibiting any appreciable diminution 
in its activity. The enzyme catalase brings about the reduction of hydro¬ 
gen peroxide to water and molecular oxygen: 
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i h 2 o 2 2 h 2 o + o 2 

Catalase is one of the more efficient enzymes, one molecule of thisenzyme 
being able to catalyze the conversion of 5,000,000 molecules of HA Per 
minute when conditions are favorable (Sumner an( omers. 

Chemical reactions proceed in the direction of stab 

in the direction which will reduce the energy o ic 1 catalysts 

possible level under the existing conditions. Neither cnyr - no ca^aly 
can alter this situation, although they may enormously -lease thc^rate 

at which equilibria are .•cached. No “ which govenl energy 

in a direction that is inconsistent 

changes between reacting molecules^ isolated and puri- 

2. Colloidal Condition. All enzymes that have men ^ tQ fal| 

lied arc molecules of very large d.'-ns.ons^so la^ f systcms 

within the size limits which charac c , weights. The enzyme 

They are, therefore, compounds o ‘ * f 2 48 000 (Sumner and 

catalase, for example, has a molecu 1. weifM of 483,00(1 

Gralen, 1938) and1 the enzyme; u ^ mo lecules undoubtedly exceed these 
(Sumner et al., 1938). borne R 0 f their great size 

dimensions, probably by very large maig »■ u t inake8 it possible 
the molecules of enzymes diffuse very ; ‘ (lialysis . 

to separate them from readily di um » ^ j ^ of co |loidu\ dimensions 

The enormous surface area exj^l by tlispel , ed in 

has been emphasized carliei C «I • t t*nsive surface area at 

water are colloidal systems, P^^un cnzyme ami 

which catalyzed reactions can occ . ^ )oosc t . lieinicil i combination, by 

substrate is considered by some 

others, a true adsorption phenomenon. that it can operate 

3. Specificity. Each enzyme is sp ufic ^ ^ nQt inoan 

only upon a certain substrate or h i substrate but that each 

that there must be a separate en.ymc b>r - ^ pattcn , Ap- 

enzyme acts only upon substan s * ^ ^ QM | V om . particular type ol 

parently each individual <*nzym compounds possess this bond 

...... 

«- ..s 

.. 
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raffinose (Chap. XX) is hydrolyzed into melibiose and fructose while, in 
the presence of emulsin, the end products of the reaction are sucrose and 
galactose. Pyruvic acid (Chap. XXII) is notable for the large number of 
compounds into which it may be converted by the action of different 

enzymes. 

Many enzymes apparently act on only a single kind of substrate. The 
enzyme ureasfe> for example, can act only upon urea and no other mole¬ 
cule. Cytochrome oxidase (Chap. XXII) appears to be another example 
of absolute specificity since it can catalyze only the oxidation of cyto¬ 
chrome c by oxygen. Often enzymes are not so restricted in their activity 
and can act upon a specific kind of chemical linkage or even upon related 
bondings. When this is true, however, one kind of bond is acted on pref¬ 
erentially and related bonds are usually affected at a slower rate. 

4. Reversibility of Action .—A true catalyst is able to cause the accel¬ 
eration of a given reaction in either direction provided suitable sources 
of energy are available. Although the capacity of enzymes to catalyze 
reactions in both directions has been demonstrated experimentally for 
relatively few of them, there is little reason to doubt the reversibility of 
enzyme action. The synthesis of fats from glycerol and fatty acids under 
the influence of the enzyme lipase has been accomplished. Similarly, it 
has been shown that under proper conditions other enzymes such as some 
of the proteases and urease can synthesize the compounds which, under 
other conditions, serve as their substrates. Glycosides have also been 
synthesized from the end products of their hydrolysis under the influence 
of the enzyme emulsin. Hence, it is often inferred that most hydrolytic 
enzymes possess the capacity of catalyzing not only the hydrolysis of a 
certain substrate, but also, under proper conditions, the synthesis of that 
same substrate from the end products of its hydrolysis. 

It does not necessarily follow, however, that the same enzyme invaria¬ 
bly catalyzes both the synthesis and degradation of a given kind of mole¬ 
cule. It is known that some molecules are synthesized by the operation of 
reaction chains which involve other compounds and other enzymes than 
those which bring about their hydrolysis. Urea, for example, is synthesized 
in animal cells by the action of the enzyme arginase upon arginine, but 
urea is hydrolyzed by the enzyme urease. Another example of this prin¬ 
ciple is illustrated by the two different enzymes which catalyze the 
hydrolysis and synthesis of sucrose. Sucrose is hydrolyzed to glucose 
and fructose by the enzyme sucrase (invertase), but its synthesis appar¬ 
ently requires the action of the enzyme sucrose phosphorylase (Chap. 

XX). 

5. Heat Sensitivity .—Unlike most inorganic catalysts, enzymes are 
inactivated or destroyed at temperatures considerably below the boiling 
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point of water. At temperatures above 50° C. most enzymes in a liquid 
medium are rapidly inactivated. Inactivation, although at a slower rate, 
may also occur at somewhat lower temperatures. Most enzymes in a 
liquid medium are completely destroyed at temperatures between 60 
and 70°C. A few, however, will endure temperatures as high as 100 U, 
at least for short periods of time. The destruction of enzymes in this range 
of temperatures is in all probability a heat coagulation p enomeno 

The enzymes of dry tissues such as seeds and spores can endure tem¬ 
peratures of 100° to 120°C., or even higher, for constdera P 
without suffering deleterious effects. The same is also true of dried enzyme 

“exact temperature at which a given enzyme will be destroyed varies 
greatly, depending upon the conditions prevailing in the medium " ' ' 

ft is dispersed. The pH of the medium has a marked effect upon the heat 
sensitivity of the enzyme. The presence of either the substra 
products of an enzyme in the medium in which . is d'spersed g eatly 
retards or may even entirely prevent its destruction at 

which would otherwise result in its demolition. ie su . . t] 

products of an enzyme exerts a similar protective effect against 

destructive agents (Table 19). 

TABLE 19-THE ACTION OE E.UCTOSE ,N E.OTECT.NC A S„c.ASS SXT.ACT 1BOM 

debteuchTn BT AC,os, alkalies, ALCOHOL, and heat (data 

PAINE, 1910) __— 


Concentration 
of fructose, % 

Destructive agent 

0.04 A' HC 1 , 

30° C. 

0.03 /VNaOH, 
30° C. 

50 per cent 
alcohol, 30° C. 

Distilled water 

6i° C. 

o 

2.7 

5-4 

10.9 

Relative rates of destruction __ 

100 

26 

12 

2 

IOO 

3 

3 

4 

IOO 

I 

1 

1 

IOO 

32 

16 

24 


Temperatures near or below the f'eezing '.’“‘"fJ^eitnfction. When 

inactivation of enzymes but not coimno ( . nzymcs which have 

the temperature is raised to within .1 - s u - ’ found to be 

been exposed to relatively low temperatures are generally found 

little if any impaired in their properties. 

Occurrence and Distribution of Plant Enzymes.-Eve^ hving e 1 con^ 
tains enzymes, usually hundreds of them, but they art not 
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distributed throughout the cells of a plant. Certain enzymes, notably 
those associated with respiration, are present in all living cells, but others 
may be restricted in their distribution to certain organs or tissues. The 
leaves of the garden beet, for example, are- reported to contain sucrase, 
maltase, and amylase; the stems, sucrase, amylase, inulase, and emulsin, 
while the roots contain amylase, inulase, and emulsin (Robertson et al, 
1909). Germinating seeds are the richest of all organs of higher plants 
in enzymes and are frequently used as the source of enzymes in experi¬ 
mental work. 

In some tissues the enzyme and corresponding substrate are both pres¬ 
ent but are separated from each other by cellular membranes. This is 
true, for example, in the seeds of the bitter almond where the enzyme 
emulsin and its substrate amygdalin both occur but not in the same cells. 
When bitter almond seeds are crushed, the enzyme and its substrate are 
brought into contact and hydrolysis of the glycoside proceeds (Chap. 
XX). More frequently the substrate and the enzyme which catalyzes its 
hydrolysis both occur in the same cell. Whether or not hydrolysis of the 
substrate will occur is dependent upon conditions within the cell. It is 
almost invariably true that plant tissues which are rich in a certain 
substrate will be relatively rich in the corresponding enzyme and vice 
versa. 

Some plant enzymes, at least, maintain their potency for long periods 
of time. Miehe (1923) has demonstrated that rye seeds which were at 
least 112 years old still contained amylase which would hydrolyze starch. 
The death of plant cells does not cause the simultaneous destruction of all 
of the enzymes present in the cells. 

The cells of bacteria and fungi are rich in enzymes, some of which 
bring about the hydrolysis of the substrate upon which these plants live. 
Although these hydrolyzing enzymes are synthesized inside the cells, they 
pass outward through the cellular membranes and cause the hydrolysis of 
the substrate material outside of the cells of the organism. Many kinds 
of bacteria and fungi can live and grow on a wide variety of substrate 
materials. The cells of these organisms apparently can synthesize a num¬ 
ber of different hydrolyzing enzymes, and there is good reason to believe 
that the particular hydrolyzing enzymes actually made by the cells of 
these plants are determined at least in part by the chemical composition 

of the substrate. 

Foctors Affecting Enzymatic Reactions.—The influence of various fac¬ 
tors upon the reactions of the enzymes of the higher plants has been 
studied almost entirely in vitro. The usual procedure has been to prepare 
a more or less purified extract of the enzyme to be studied, then to bring 
this extract into contact with the substrate under controlled conditions, 
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and finally to determine the rate of the ensuing reaction. Enzymatic 

reactions as they occur in living cells are influenced by conditions within 

the protoplasmic matrix, and in this respect differ greatly from sue 1 

reactions occurring in vitro. Since the conditions which a ee ic a< ion 

of an enzyme in an artificial medium are usually ' ver > 1 eren iom 

those obtaining in a living cell, it is certain that the e; ects o 

factors on extracted enzymes are quantitatively un 1 e 10S ? " . UC . 

w’ould have on that same enzyme in vitro, althoug qna l a ne 

effects are probably very similar. , • 

1. Temperature. —The rate at which an enzymatic reactmn proceeds is 

influenced not only by the temperature, but also >> t ic eng i 
which the reaction mixture has already been at that tempera ur ®_ 
words, a “time factor” (Chap. XIX) must be recognized in considering 

the effects of temperature upon the rate of an enz>ma ic rc 
general, the initial velocity of enzymatic reactions is aC ^, C ! rh ; n itial 
increase in temperature until a certain “optimum is a a * n ’ i 0 \ver 
velocity of the reaction may be maintained almost inc e ini e < 
temperatures, but, the higher the temperature, t ic more i 

decreases with time. , ^ fnrtors 

There are, therefore, two distinctly separate and often opp< ^ mat ic 
to be considered in all studies of the effect of temperature upon 
reactions: (1) The direct effect of temperature c lange ll PO qq, c 

rate and (2) the effect of the temperature upon the enzyi' ' t ()f 

former increases as the temperature rises, but t ie (nl c tc|lipcra . 

temperature upon most plant enzymes increases iapi< > « . • ^ t j ie 

ture rises above 40’C. The optimum temperature is thaa 
accelerating effect of temperature increase is just balance< . 

tive action of the temperature upon the enzyme svs cm. 

In general, the Q 10 of enzymatic reactions is somewhat lowc 

CV7VMATIC REACTIONS 

TABLE 20—THE TEMPERATURE COEFFICIENTS <>» r,,R ^_ 

(„A,A OF HAI.DANF. AND STERN, 19.1-/ __, 


Enzyme 
Yeast maltasc 


Malt amylase 


Substrate 

Maltose 


Starch 


Tcm per ature 
interval, "C. 

IO 20 
20 JO 

30 4° 

20 JO 
30 4° 

4O-SO 

5*3 
* 5- 2 3 


Temperature 
coefficient (<^>to) 

\S)0 

1.44 

1.28 

!.</> 

I.65 

• •43 


Root |>eroxidasc 


HjOj 



282 


ENZYMES 


of uncatalyzed reactions. Uncatalyzed chemical reactions have a Qi 0 of 
2 or 3 while in most enzymatic reactions the Qio falls between 1.4 and 
2.0 (Table 20). 

The optimum temperature for most enzymatic reactions, if measured 
in terms of hours, lies between 40° and 50°C., although for a few it is as 
high as 60°C. If only a very short interval of time is allowed to elapse 
before a determination of the amount of substrate hydrolyzed is made, a 
higher optimum will usually be found than if longer time intervals are 
used as a basis of measurement. The optimum is influenced, however, not 
only by the time factor, but also by other conditions prevailing in the 
medium such as the pH, relative concentration of enzyme, substrate, 
end products, and so forth. 

At temperatures above the optimum point for any enzymatic reaction, 
inactivation of the enzyme occurs so fast that the rate of the reaction is 

rapidly decreased. It is also pos¬ 
sible that the retarding influence 
of relatively high temperatures 
may sometimes result from a 
greater acceleration of the reverse 
reaction (whereby the substrate is 
resynthesized from the end prod¬ 
ucts) than the hydrolytic reaction. 

2. Hydrogen-ion Concentration. 
—The activity of enzymes is 
greatly influenced by the hydro¬ 
gen-ion concentration of the me¬ 
dium in which the reaction occurs. This is one of the most important 
known effects of hydrogen-ion concentration in the realm of biological 
phenomena. In general, the activity of an enzyme appears to be at its 
maximum at a certain optimum hydrogen-ion concentration, and to de¬ 
crease, usually rapidly, on each side of this value (Fig. 81). At still higher 
or lower pH values the enzyme is inactivated, at first reversibly, an4 
later irreversibly. The optimum and limiting pH values for activity differ 
from one enzyme to another. Optimum values may range from as low as 
pH 1.5 for some enzymes to as high as pH 10 for others. The optimum 
pH value for a given enzyme may vary, however, depending upon the 
source of the enzyme, the substrate, nature of other substances in the 
medium, temperature, etc. 

Curves such as those shown in Fig. 81 are the resultant of a number of 
different pH effects. Among these are the effects of pH upon the enzyme- 
itself, effects on the substrate, and effects on coenzymes, activators, or 
inhibitors. The direct effects of hydrogen-ion concentration upon enzymes 



pH 

Fig. 81. Relation between pH and ac¬ 
tivity of diastase from malt. Data of 
Sherman et al. (1919). 



2 3 4 5 

5UCRASE- CC PER IOO CC 


Fig. 82. Relation between concentra¬ 
tion of sucrase and its hydrolytic ac¬ 
tivity Data of Nelson and Hitchcock 

(1921). 
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appear to result largely from their influence upon the dissociation of the 
enzyme molecules. 

3. Hydration .—The effect of increased hydration upon the enzyme 
activity of plant tissues is most easily demonstrated during the germina¬ 
tion of seeds. The enzyme activ¬ 
ity, measured in terms of any spe¬ 
cific enzyme known to he present, 
is usually low in dry but viable 
seeds. As imbibition of water pro¬ 
ceeds during germination the ac¬ 
tivity of the enzyme increases 
more or less progressively, an ef¬ 
fect which can be ascribed, at 
least indirectly, to the increase in 
the hydration of the tissues of the 
seed (Pickier, 1919). Sometimes, 
however, this apparent increase 
in the activity of an enzyme with 

increase in the hydration of the tissues during sect germina ion c 
ascribed to the conversion of zymogens into enzymes. Similar effects upon 
enzyme activity are undoubtedly shown in other plant tissues in which 

considerable changes in hydration occur. . 

4. Concentration of the Enzyme.— With very few exceptions, the rates 

of enzymatic reactions increase linearly with the enzyme concentration. 

Doubling the quantity of the en¬ 
zyme doubles the reaction rate 
provided that pH, temperature, 
and other conditions arc not limit¬ 
ing. A few apparent exceptions to 
this general rule are known, but 
it is often possible to account for 
these divergent results. I*or exam¬ 
ple, the products of some enzy¬ 
matic reactions possess an affinity 
for the enzyme and thus render a 
portion of the enzyme inactive; in 
other enzymatic reactions the fail¬ 
ure of rates to vary directly as 
enzyme concentrations may be 
Fig. 83. Relation between substrate ascr jbcd to changes in the pH of 
concentration and activity of tj 1 ® cn_ the medium during the reaction. 

zvrne urease. Data of Howell and Sum- r a f cw exceptions for 

ner ( 1934 ). In spue o. 
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which no entirely satisfactory explanation has been suggested, the rule . 
holds for so many enzymatic reactions that it may be considered gener¬ 
ally applicable (Fig. 82). 

5. Concentration of the Substrate .—The velocity of an enzymatic 
reaction usually increases with increase in the concentration of the sub¬ 
strate up to a certain maximum, after which the relative amount acted 
upon per unit of time decreases with increase in the substrate concentra¬ 
tion (Fig. 83). The retarding effect of relatively high concentrations of 
the substrate upon enzyme activity may lie caused in part by the more 
rapid accumulation of the end products of the reaction (see next section). 
Furthermore as the concentration of the dissolved or dispersed substrate 
in a reaction mixture increases, the concentration of water decreases. The 
smaller proportion of water present at higher substrate concentrations 
prevents the action of the enzyme at its maximum efficiency. 

6. Concentration of the End Products .—Enzymatic reactions, like all 
other chemical reactions, are subject to the laws of chemical equilibrium 
and mass action. Hence as the end products of the reaction accumulate 
the apparent rate of the reaction decreases. Similarly, if the concentration 
of the end products in the reaction mixture is initially high, the rate of 
the reaction will be slower than if the end products are lacking. In some 
enzymatic reactions the enzyme itself combines with one of the end 
products. This results in a reduction in the active concentration of the 
enzyme, and the velocity of the reaction is slowed down. 

7. Activators .—Activators are specific chemical compounds which 
accelerate the rate of enzymatic reactions. The exact mechanism of 
their action is not understood. Some activators seem to be general; i.e., 
increase the activity of all or most enzymes, while others arc specific for 
certain enzymes. Among the former are low concentrations (2-5 per 
cent) of the salts of the alkali and alkaline earth metals. Cobalt, man¬ 
ganese, nickel, magnesium, and chlorine ions are more or less specific 
activators for some enzymes. 

Activators may exert their influence either by some direct effect upon 
the enzyme or by eliminating the effect of some substance or factor 
which inhibits the operation of the enzyme. 

8. Inhibitors .—Just as some compounds increase the rate of enzymatic 
reactions so others are known which check or inhibit the action of 
enzymes. These latter compounds are known as inhibitors. Inhibitors 
are often grouped into two classes: (1) competitive inhibitors and (2) 
noncompetitive inhibitors. 

One theory of the mechanism of enzyme action is that the enzyme 
enters into a loose chemical or physical union with substrate molecules. 
The possibilities of such unions depend, of course, upon the geometry 


FACTORS AFFECTING ENZYMATIC REACTIONS 


285 


of the enzyme and substrate molecules. The structure of the enzyme 
molecule must bear such a relationship to the structure of the substrate 
molecule that combinations between the two can take place. 

Competitive inhibitors are compounds sufficiently similar, in their mo¬ 
lecular architecture, to the usual substrate molecules as to combine with 
the active groups of the enzyme. When such a combination between 
enzyme and inhibitor occurs, further progress of the reaction is blocked 
and the enzyme is rendered inactive. In a sense the inhibitor competes 
with the substrate for the enzyme. The union of substrate molecules and 
enzymes is very transitory and the enzyme is quickly restored to its 
original condition, but the union between an inhibitor and an enzyme 
may endure and effectively eliminate the enzyme molecule from further 
participation in the reaction. The molecules of the end products of an 
enzymatic reaction sometimes act as inhibitors in this w a>. 

Competitive inhibitors also may work in other ways. For example, 
sulfa drugs so effective against certain kinds of bactena are very sum a 
in their molecular architecture to para-aminobenzoic acid, a vitamin oi 
the B complex (Chap. XXVIII) that is essential for the growth of many 
bacteria. This vitamin appears to owe its importance to the fact that 
is an essential component of enzymes participating in certain o \c 
tions of respiration. The close similarity in the chemical atmeture of 
para-aminobenzoic acid and the sulfa molecule ma es i po»i > < 
sulfa drug to combine with the protein component of the enzyme form¬ 
ing a unit which has no catalytic action. The sulfa molecules, lerc . 
may be considered as competing with the vitamm molecu cs for the -ame 
positions in the enzyme molecules. When the sulfa molecule con b es 
with the protein portion of the enzyme molecule, the resulting, molec e 
is no longer capable of acting as an enzyme. Cyan,des also mh.tnt some 
enzyme reactions by combining with certam atoms ... the prosUmt e 
groups of enzymes and thus preventing the enzyme from function,ng 

the reaction chains in which they normally operate. 

Noncompetitive inhibitors may act in different ways. One mode of 
action appears to be a union of the inhibitor with the enzyme at some 
other location on the enzyme molecule than that utilize,! by the 
molecule. When this occurs, the molecular arch,lecture of ttccn.yme ,s 
altered so as to destroy its effectiveness. Noncompetitive inhibitors also 
block enzyme reactions by breaking the sequence of step-wise reactions 
so characteristic of biological processes. This may be a-omphsh d by a 
combination of the inhibitor with one of the compound e^entml to the 

sequence of reactions thus preventing the use of this .^^“"nd their 
reaction series Some of the better known enzyme inh.b.tors and them 

effective concentrations are listed in Table 21. 
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TABLE 21—EFFECTIVE CONCENTRATIONS OF SOME ENZYME INHIBITORS 
(DATA or STERN, 1944 , AND SUMNER AND SOMERS, I 947 ) 


Inhibitor 

Effective concentration 

Enzyme inhibited 

Cvanide 

• 

Carbon monoxide 
Heavy metals 
Fluorides 

Malonic acid 
Iodoacetates 

Sodium azide 

io -3 M 

70% by volume 

io - * M 
io _ * M 
io -3 M 

Cytochrome oxidase 

Cytochrome oxidase 

Many 

Phosphatases 

Succinic dehydrogenase 

Papain, alcohol dehydrogenase 
and others 

Catalase, peroxidase, cytochrome 
oxidase and others 


9. Radiant Energy .—Radiations of various wave lengths often have 
inhibitory or inactivating effects upon enzymes in vitro. This is espe¬ 
cially true of wave lengths in the ultraviolet. The shorter wave lengths 
of the visible spectrum usually have more marked effects upon enzymatic 
activity than the longer wave lengths of visible light. Very little is known, 
however, regarding the effects of radiant energy upon enzymes as they 
exist in living cells. 

The Synthesis of Enzymes.— Until recent years little more was known 
about the origin of enzymes than the fact that they were products of the 
metabolic processes of living cells. Experimental studies by Beadle (1945, 
1946), Horowitz (1947), and others, have demonstrated beyond reason¬ 
able doubt that the synthesis of enzymes is controlled by genes in the 
chromosome complement of the cell. A species of bread mold (Neurospora 
crassa) was used as the experimental organism by these investigators. 
This fungus can be grown in a culture medium containing only sucrose, 
certain mineral salts including nitrates, and biotin (a vitamin, Chap. 
XXVIII). By various treatments of the spores such as exposure to 
X-rays or ultraviolet irradiation, mutant strains of this organism can 
be obtained. Some of these mutants will not grow on the basic medium 
described above but require the presence of one or more additional com¬ 
pounds. Apparently such a mutant is incapable of making some neces¬ 
sary compound which could be synthesized by the original strain of 
the organism. 

One such mutant, for example, was found not to grow unless the 
amino acid tryptophane (Chap. XXVI) was present in the medium. The 
tryptophane-synthesizing capacity of this strain of the mold had been 
lost. Loss of this capacity was found to result from a failure to take place 
within the organism of one specific step in the chain of reactions whereby 
tryptophane is synthesized. Furthermore, the enzyme which catalyzes 
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this particular reaction was also found to be absent from the mutant. 
Genetic studies showed that the absence of this particular enzyme was 
correlated with a difference in the properties of a certain gene as com¬ 
pared with its properties in the original strain of mold. The inference 
seems clear that synthesis of this particular enzyme is controlled by a 

certain gene. 

In similar fashion synthesis of other enzymes in Neurospora appears 
to be controlled by other genes. Genes are composed of proteins of the 
type known as nucleoproteins (Chap. XXVI). Evidence from other organ¬ 
isms also points to the now widely entertained view that enzyme synthesis 
is controlled by genes and that the synthesis of a given enzyme is con¬ 


trolled by a given gene or genes. 

A widely held hypothesis is that there are present in the cytoplasm 
self-duplicating units called plasmagenes which are responsible for the 
formation of enzymes (Spiegelman, 1946; and others). This view is not 
necessarily in conflict with the concept that enzyme synthesis is con¬ 
trolled by genes since it might be supposed that the plasmagenes are 
formed under the influence of the genes and that they may even be 
replicas of them. The plasmagenes may either be centers of enzymes syn¬ 
thesis or may themselves operate as enzymes. This theory further holds 
that the rate of multiplication of a given plasmagene may be different in 
different kinds of cells, thus accounting for variations in the quantities 

of enzymes present from one cell to another. 

The Relation of Enzymes to Vitamins and Hormones.— Enzymes, vita¬ 
mins, and hormones are all similar in at least one important respect Each 
of these substances is capable of inducing important physiological reac¬ 
tions in living cells when present in only minute amounts. In recent years 
# the relationships between these three classes of substances has been 
clarified greatly by the discovery that several of the vitamins form a 
part of the prosthetic groups of important enzymes. Among these are 
such vitamins of the B complex as thiamime, nicotinic acid, riboflavin, 


and pyridoxine (Chap. XXVIII). . T , • 

The relationship between hormones and enzymes is less clear. There 

evidence, however, that the important plant hormones known as auxins 

(Chap XXVIII) play some role in an enzyme system involved in carbo- 

iydrTte metabolism, "in view of the close similarity 

roles of hormones and vitamins, it seems probable that hormones also 

will be found to act either as actual components of enzyme systems or as 

agents which powerfully affect enzyme activity. 

The Mechanism of Enrym. Acfion.-Chemical reactions occur when 

molecules or ions collide with each other. Only a small portion of these 
molecular collisions result in chemical reactions, however, because, to 
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combine with another, a molecule must be at a higher energy level than 
most of its associates—it must be “activated.” The frequency with which 
chemical combinations occur depends upon the proportion of activated 
molecules in the medium. Energy is necessary to bring molecules into 
this activated state. The so-called “activation energy” of a reaction 
represents the energy required to bring molecules up to the energy levels 
at which chemical combinations can occur. The role of an enzyme seems 
to be that of bringing about chemical reactions at lower energy levels, or, 
in other words, of decreasing the energy of activation. When the activa¬ 
tion energy is reduced, a larger proportion of molecules in the medium 
are in an active state and as a result more chemical combinations be¬ 
tween molecules occur. The difference in the energy of activation brought 
about by the presence of an enzyme is shown for three specific chemical 
reactions in Table 22. 


TABLE 22—THE INFLUENCE OF ENZYMES UPON ACTIVATION ENERGY 

(data of lineweaver, 1939 ) 



Activation energy in cal./mol. 


Reaction 

Without enzyme 

With enzyme 

Enzyme 

Decomposition of HjOj 

18,000 

5.500 

Catalase 

Hydrolysis of sucrose 

26,000 

11,500 

Yeast Inverta.se 

Hydrolysis of sucrose 


13,000 

Malt Invertase 

Hydrolysis of casein 

20,600 

12,000 

Trypsin 


The chemical reaction catalyzed by an enzyme often appears to occur 
between the coenzyme and the substrate, yet no reaction will occur if 
coenzyme and substrate molecules alone are present. When the protein 
component of the enzyme is added to the mixture, the'reaction proceeds 
at once and often at a very rapid rate. These facts suggest that the 
protein fraction of the enzyme in some way increases the reactivity of 
the substrate molecules, probably as a result of a very temporary union 
between protein and substrate. This union must be fleeting indeed, for 
one enzyme molecule may bring about the chemical combination of 
thousands of substrate molecules in a single minute. 

Indirect evidence of such combinations between enzyme and substrate 
is furnished by the effect of inhibitors. The specificity of the enzyme 
probably depends upon the architecture of the protein component. Studies 
of inhibitors have shown that compounds similar to substrate molecules 
in their chemical architecture may block the action of an enzyme. This is 
interpreted as evidence that the properties of the protein and the inhibitor 
molecules permits at least a partial union between them to occur but that 
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the resulting linkage is not complete nor perfect enough for the reaction 

to continue. . , 

The protein fraction of the enzyme is believed to be analogous m a 

sense to a complicated lock. Only when a substrate molecule has the 

complementary pattern—that of a key to the lock—can the two work 

together. If the key does not fit precisely, the lock may be jammed i.e., 

The temporary combination of protein and substrate activates the 
latter so that reactions may occur. These reactions often evolve the 
transfer of atoms or molecules between coenzymes and substrate. This, 
in general terms, is one widely accepted theory of the way in which 

en Tr e ing°e P niot experiments of Rothen (.947) indicate that dire* union 

between substrate and enzyme may not always be ^“mo eeules vere 
to occur. In these experiments enzyme and sub trate .nol coles ve 

separated by extremely thin barriers of plastic that prevented any dirtc 
contact° between them" In spite of this harrier the ensyme « ^ 
chemical changes in the substrate molecules. Although hese exper ments 
have not been carried out upon a sufficient scale to permit any gone.ahza 
tion, they suggest the interesting possibility that enzynics may be^capab e 
of activating substrate molecules by forces that are effect.re over 

ta Th e e O pro a ducttn 2 o 0 f Byrnes by P!an,s.-A distinction is often made be¬ 
tween intracellular or endoenzymes and extracellular or 1 ”, 

former operate within the cells in which they are *ynts. ed the 1..Mxr 
are secreted by cells and operate externally to the cel s m whichth y 

originate. The enzymes of the digestive tract of " t various 
the extracellular type, being secreted from certain cclh into thenar, ^ 

organs of the alimentary *'hatun of the metabolism of many 

the release of exoenzymes is a regular leauirt 

bacteria and fungi. exception rather than 

In higher plants, however, exoenzymes ami the except.o 

the rule. There are only two welt-known examp ^ ^ ^ B0 . eul i oll 

operation of enzymes in the higher p an s. sundews The leaves 

insectivorous plants such as the ^to J tjuid in 

of these species have been shown to secrete proteases 

the “pitcher” or, in the sundews, on the surface of t flf ^ 
Certain tissues of the embryo in t J* ‘ ‘ und Esc0 mbe, 1898, and 

grass family also synthesize exoenzym without a knowledge 

others). This phenomenon cannot be ap, ^ ^ illuslratc(1 in 

Fig th ^ V whi°ch 8 represents Tlon^udinal section cut through a corn grain 
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across the shorter of the two transverse axes. The structure of the other 
grains (wheat, barley, rye, etc.) is, in general, very similar to that of the 

corn grain. _ . . , . , 

Shortly after a grain of com, barley, or one of the other closely related 

species begins to imbibe water striking changes take place in the appear¬ 
ance of the epithelial cells of the scutellum (Fig. 85). The protoplasmic 
contents of these cells, originally finely granulated and nearly transpar¬ 
ent, become much coarser in texture and clouded m appearance. The 



Fig. 84. Longitudinal section through 
a com (maize) grain to show the prin¬ 
cipal parts of the grain and embryo. 



jcute//um 


endosperm 


Fig. 85. Section through a small por¬ 
tion of a com (maize) grain. Starch has 
been digested in several layers of endo¬ 
sperm cells adjacent to the scutellum. 


nucleus, originally clearly visible, is obscured by this change in the physi¬ 
cal properties of the cytoplasm. The epithelial cells also swell to several 
times their original volume during the first few days of germination. 

Not long after these changes occur in the appearance of the cells of the 
epithelium the cell walls of the endosperm cells adjacent to the epithelial 
layer begin to disappear, and the starch grains in the cells of the endo¬ 
sperm begin to show corrosion. Shortly afterward transitory starch grains 
appear in the parenchymatous cells of the scutellum. Enzymes produced 



201 


SELECTED BIBLIOGRAPHY 

in the layer of epithelial cells **£*££££ 

and there set in operation ig P to be the mechanism 

subsequently pass into the scu e urn^ ^ endosperm during the process 
whereby the embryo obtains foo _ prrote a bv the embrvo are hemi* 

kinds of seeds. 
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THE CHLOROPHYLLS AND 
THE CAROTENOIDS 


Radiant Energy. —An elementary knowledge of the physical properties 
of light and other kinds of radiant energy is essential for a proper under¬ 
standing of photosynthesis, the synthesis and properties of chlorophyll, 
and many other plant processes to be discussed in the subsequent chapters 
of this book. Radiant energy, as judged from some of its properties, 
eppears to be propagated across space as undulatory waves. Ordinary 
sunlight or “white light” from any artificial source seems homogeneous 
to the human eye but after it has passed through a prism appears as a 
spectrum of colors. This dispersion of light by a prism was first demon¬ 
strated by Newton in 1667, but man had already long been familiar with 
the similar phenomenon which occurs in rainbows. The order of the more 
prominent colors in a spectrum of sunlight is red, orange, yellow, green, 
blue-green, blue, and violet. Each of these colors corresponds to a differ¬ 
ent range of wave lengths of light (Fig. 86). The wave length is the dis- 
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tance between two successive crests of a wave. The wave lengths which 
induce the sensation of light, range from about 390 mg. to about 760 mg.. 

Visible light, however, constitutes only a very small part of the spec¬ 
trum of radiant energy (Fig. 86). Beyond the visible red lies the long 
zone of infrared or “heat waves” which range up to a wave length of 
about 100,000 mg.. Electric waves are still longer and range in length up 
to a kilometer or more. The waves used for radio transmission are in 
this portion of the spectrum of radiant energy. 

Just below the region of visible light in the radiant energy scale lies 
the ultraviolet zone which ranges down to wave lengths as short as 10 mg.. 
Even shorter are the X-rays (0.01-10 mg.) much used for their therapeutic 
effects in medicine. Below them on the scale lie the gamma rays (0.0001- 
0.01 mg.) which are emitted by radium, also used in medical therapy. 
Shortest of all are the cosmic rays, which are less than 0.0001 mg. ih wave 
length. 

The wave lengths which reach the earth’s surface from the sun range 
from about 300 mg. in the ultraviolet to about 2600 mg. in the infrared. 
In their natural habitats plants are also subjected to bombardment by 
the extremely long electric waves, and the extremely short cosmic waves, 
but there is no experimental evidence that either of these kinds of radiant 
energy has any effect upon plants. 

In the preceding discussion we have referred to radiant energy as a 
wave phenomenon with an air of finality which is not justified by ob¬ 
served facts. Many radiant energy phenomena, such as the behavior of 
light in optical systems, can only be satisfactorily explained at the pres¬ 
ent time in terms of the postulate that light travels as waves. Other effects, 
however, appear completely unintelligible in terms of this hypothesis. 
The most important of these are photochemical reactions such as the 
effect of light upon sensitized photographic paper and its role in the 
process of photosynthesis. At the present time such phenomena can only 
be explained satisfactorily by the assumption that light is particulate in 
nature. According to this concept a beam of light is pictured as a stream 
of tiny particles. Each of these particles is called a photon. When such 
photons impinge against a suitable substance their energy may be trans¬ 
ferred to the electrons which they strike, thus inducing photochemical 
reactions. 

The energy manifestation of a photon is called a quantum. The energy 
value of quanta varies inversely with the wave length. A quantum of 
ultraviolet radiation with a wave length of 100 mg., for example, has four 
times the energy value of a quantum of violet light with a wave length of 


’A millimicron (m/O is one-thousnn«ith of a micron. 
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400 m|i, and eight times that of a quantum of infrared radiation with a 

wave length of 800 m\L. ,, noc;QC ^cs a dual nature, and at 

Radiant energy, therefore, ap >’ a " n ‘ y P ; u " ular with its undulatory 
present it is impossible to reconcile 1 . ; that in some of its 

manifestations. All we can say wi i - waves, in others as if 

effects, radiant energy behaves os «/ it tnvete‘ > 

it is propagated across space as a strean ' ' in sevc ral different 

Light and all other kinds of radiant cn E> ( „ intensity ”), (2) 

ways, the most important of which are. (1) in 

^Irradiance teethe "radiant energy receipt^ •££ umt of time, 
or as”c y r fn^Ter min "withrow, ,943,. On a clear summer's day 


RiO.OOO 



II 12 
NOON 


Fio. 87. Daily variations in light jntensUy .^^^"j^nuary! (C) on an early 
clear day in early July, based on measurements made at Colum- 

in the midtemperate zones the »«P i ^ n * c J 0 The 
irradiance of between 1.2 and 1.5 g- * 1 thc same , the latter being 
irradiance of light and its “bnghtnes ^ perceived by the human 

an index of the illuminating capaci units. Nevertheless there is 

eye. Neither are they express ®' twcen these two quantities, lllumina- 
usually a fairly close correl- ion mentioned above range from 

tion values corresponding o c n „ c l ou dy winter’s day in the same 

about 8,000 to 10,000 foot-can cs - va i ucs ar e commonly only 10 per 

at 'corresponding hours on a clear summer, day 

(Fig. 87). v , lomrth composition of light. The quality 

but for example, is very different from 
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that of sunlight. The latter is relatively richer in blue light and relatively 
poorer in infrared than the former. Similarly, the Quality of light from 
one artificial source, such as a fluorescent tube, is different from that 
from another artificial light source such as a tungsten bulb. 

“Duration,” as applied to the light-relations of plants, refers to the 
number of hours a day during which a plant is exposed to illumination. 

The Chloroplast Pigments. —Green is the predominant color of the plant 
kingdom. With only a few exceptions all leaves are green in color as are 
also many other plant organs such as herbaceous and young woody stems, 
young fruits, and sepals of flowers. The green coloring of plants is often 
termed chlorophyll, although actually a number of kinds of chlorophyll 
occur in plants. 

Less evident is the fact that the leaves and many other organs of plants 
also contain yellow pigments. These are seldom apparent except in leaves 
in which the chlorophyll fails to develop, or in which it is destroyed as a 
result of senescence or other physiological changes. Com plants that have 
grown from seed in the dark, for example, do not synthesize chlorophyll, 
but are usually yellow in color because of the presence of yellow pigments. 
In the autumn disintegration of the chlorophyll in the leaves of many 
woody species results in unmasking the yellow pigments which are also 
present in the leaves. The yellow chloroplast pigments of leaves belong 
to the group of compounds called carotenoids (see later). 

Except in blue-green algae and the photosynthetic bacteria, chloro¬ 
phylls occur only in the chloroplasts. The carotenoids of leaves are also 
restricted to the chloroplasts, and this also appears to be true of the 
carotenoids in the cells of most algae. All of these pigments appear to be 
present only in the grana of the chloroplasts (Chap. IV). In certain other 
plant organs, such as flower petals, the yellow pigments occur in chromo- 
plasts. The chlorophylls and associated carotenoids are often called the 
chloroplast pigments. In some kinds of algae pigments of another group, 
called the phycobUins, also occur in the chloroplasts. The best known of 
these are the phycoerythnn of most red and some blue-green algae, and 
the phycocyanin of most blue-green and some red algae. These two pig¬ 
ments are closely related chemically. Both are colloidal proteinaceous pig¬ 
ments and can be extracted from the cells with hot water. 

The Chlorophylls.—A number of different kinds of chlorophyll occur 
in the plant kingdom (Strain, 1944). Of these, chlorophyll a is most 
nearly of universal occurrence being present, as far as is known, in all 
photosynthetic organisms except the green and purple bacteria. Chloro¬ 
phyll b is found in all higher plants and in the green algae, but is not 
present in algae of most other phyla. Chlorophyll c is found in the brown 
algae and diatoms, which do not contain chlorophyll b. Similarly red 
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algae contain chlorophyll d but no chlorophyll b In the purple baetena 
still another kind of chlorophyll called bactenochlorophyllK P«*ent. 
whereas the green bacteria contain another apparently similar pigment 
called bacterioviridin. All of these chlorophylls are very eim'lar in chem 
ical composition and all of them are compounds which contain mag 

^Chlorophylls a and 6 are the characteristic chlorophylls of theMgher 
plants. Neither is water soluble, but both are soluble in a number ° 
organic reagents. Chlorophyll a is readily soluble in absolute ethyl a^o 
hoi, ethyl ether, acetone, chloroform, and carbon bisulfide^ Chlorophyll b 

is soluble in the same reagents, although genera y es' ,, or oph y ll b 

a is blue-green in solution, and blue-black in t ie so 1 s • 

is almost pure green in solution, and greenish-black m the solid state 

All of the chlorophylls possess the property of 

refers to the peculiar property possessed >> cor , absorbed 

illuminated of re-radiating light of wave lengths other than ho absorbed 

by the substance. Usually the radiated light ( uorcscc alcoholic 

in wave length than the incident light. Chlorophyll a in 

solution exhibits a deep blood red fluorescence, es ® ex hj|,it a 

solution in reflected light. Similar solutions of chloropy 
brownish-red fluorescence. Chlorophyll in living cells also exh.b.ts 

— d r 

isolated chlorophylls a and b in pure form rom o chemical 

ent species of higher plants and found them ° '»e dent.caUn chcm.c^ 

composition. They also succeeded in detcrimn g H OiN.Mg; 

of these two chlorophylls. For chlorophyll o this ,s C^HtsOsN, 

for chlorophyll b it is C s .,H ; „0„N,Mg. products, hut 

Each chlorophyll yields a separate senes <d d t ad at on j ^ ^ 

one of the products derived from both a er _ HOil) Splitting 

urated primary alcohol which is called phylot > be ' accom . 

of the phytol group from the <* lo ™P y wl , '"^‘occurs in leaves. Phytol 
plished by the enzyme cAtoropfcl/Hase It ha3 a stro ng 

makes up about one-third of the ch PJ thc rcduc i ng action of 
affinity for oxygen and may be reap > 

"’wZM.a d, io 7 w. •«» ; r .rris 

constituent of the chlorophyll molecule chcm istry of thc degra- 

From the results of thc intensive study of the c e n s ry 
dation products of chlorophyll the probable structural formulas 
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chlorophyll o and chlorophyll b (Fig. 88) have been determined (Fischer 

and Wenderoth, 1939). . , 

As shown in Fig. 88 the nucleus of a molecule of chlorophyll a consists 

of a" complex ring structure composed principally of four pyrrol nuclei 

linked together bv intermediate atomic groupings. Each such ring bears 

ftKnSnc moat, nromment of 



Fk;. SS. Structural formula of chloro¬ 
phyll a (Fischer and Wenderoth, 1939). 
Another arrangement of the double 
bonds in this formula is possible. The 
formula for chlorophyll b is the same, 
except that a HC=0 group occurs in 
place of the CI1 3 group enclosed in the 

dotted circle. 


which is the phytyl (C 2 oH 3 oO—) 
grouping which upon hydrolysis 
gives rise to phytol. 

Absorption Spectra of the Chlo¬ 
rophylls.— When a colored solution 
such as an ether solution of a 
chlorophyll is interposed between 
a source of “white light” and a 
spectroscope, it can readily be 
shown that certain wave lengths 
of light are much more completely 
absorbed than others. The regions 
of the spectrum in which complete 
or nearly complete absorption 
takes place appear as dark bands. 
Chlorophylls a and b both show’ a 
definite and characteristic absorp¬ 
tion spectrum when in solution. 
The exact appearance of such ab¬ 
sorption spectra w’ill vary, how¬ 
ever, depending upon the kind of 
solvent and the concentration and 
thickness of the layer of solution 
which is examined. Absorption 
curves for chlorophyll a and b in 


ether solution as determined by photoelectric measurements are shown in 
Fig. 89. Both chlorophylls exhibit maximum absorption in the blue-violet 

region and a secondary maximum in the short red. 

As a rule the absorption spectrum of a leaf does not correspond very 
closely with the spectrum of a solution of the pigments from that same 
leaf. In general there is relatively more absorption of light by leaves in 
those spectral regions where absorption by solutions is low, and a rel¬ 
atively less absorption of light by leaves in those spectral regions where 
absorption by solutions is high (Fig. 97). Some of the principal reasons 
for this are: (1) the pigment in the leaf is not continuous, but located 
only in the plastids; hence some light may pass through the leaf without 
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■. actual or apparent absorption, the latter a 
traversing any pigment, 21 nonpigmented parts 

result of scattering of light within the » « P g an( , (3 , thc 

of cells affects the overall absorption diffcrcnt from its 

concentration of the pigmen i absorption values of pig- 

concentration in extracts; as a result specific « I 

inents in the leaf are different from those m a -ol 



Physicochemical State of ^ 

thc extensive investigations of « xtracl “ h ica , anli chemical prop- 

vents have advanced our knowlc B< 1 on]y cxlracts an d thc phvs- 

ertics, it should be remembered that th mUe or no relation 

icochemical state of the chlorophylls , stpp jn learning how 

to its condition in the chloroplasts. One <lis( ., lV er how they are 

the chlorophylls of living cel 3 t , ot i u . r constituents of the cliloro- 

rclatcd physically and chemically .u-vsicocheniical relationships of 

plasts. Any acceptable picture of .he P 1 ^'^ bc reconcilable with 
the chlorophylls within the chlorophet. ro ,,bvlU in the grana 

the known structural arrangement of 
of the chloroplasts (Chap. IV )• 
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A number of investigators (Lubimenko, 1926, 1927, 1928; Price and 
Wycoff, 1941; Smith, 1941; Anson, 1941; and others) have shown that 
green, opalescent, aqueous extracts can be prepared from the leaves of 
many species by grinding them with sand in water or solutions and clari¬ 
fying by filtration, precipitation, or centrifugation. These extracts possess 
many of the properties of protein sols or suspensions and the chlorophyll 
molecules seem to be definitely associated with the protein micelles or 
particles. These results have led to the postulation of the existence of a 
chlorophyll-protein compound of constant composition in plants, anal¬ 
ogous to the hemoglobin (hemin plus globin, a protein) of the blood. 
Although results of these experiments indicate that some sort of an 
association of chlorophylls with proteins in the chloroplasts is highly 
probable, there are strong reasons for doubting that this association takes 
the form of a protein-chlorophyll compound in the strictly chemical 
sense. 

Actual chemical analyses of the chloroplast substance have been made 
by Chibnall (1939), Menke (1940), Granick (1938), Comar (1942), 
and others. The protein content of the chloroplast material from several 
species has been found to lie within a range of 35 to 55 per cent, and the 
lipid content within a range of 18 to 32 per cent on the dry weight basis 
(chloroplasts are probably about 50 per cent water). In the leaf cells of 
spinach most of the lipids present are constituents of the chloroplasts. 
In such chemical analyses the chlorophylls and carotenoids (see later) 
constitute a part of the lipid fraction, about 5-10 per cent of which is 
chlorophylls and 2-4 per cent carotenoids. The relatively large quantity 
of lipids in the chloroplasts suggests that the pigments commonly present 
in some manner may be associated with lipids as well as with proteins. 
The physicochemical properties of the lipids are such that it seems more 
probable that any association between them and the chlorophylls or ca¬ 
rotenoids is of a physical rather than a chemical nature. 

Chlorophyll Synthesis.—Chlorophylls, in common with practically all 
the other organic substances which occur in plants, are products of the 
synthetic activities of the plant. A number of conditions are known to 
be necessary' for, or at least to influence greatly, the synthesis of chlo¬ 
rophylls in plants. Absence of any one of these factors will inhibit chlo¬ 
rophyll synthesis resulting in the condition often called chlorosis. This 
term is most frequently applied when the failure of chlorophylls to 
develop is the result of a deficiency of one of the essential mineral ele¬ 
ments. Different types of chlorosis may develop in the leaves of any 
species depending upon the factor limiting chlorophyll formation. The 
following discussion of the factors influencing chlorophyll synthesis re¬ 
fers primarily to the formation of chlorophylls a and b in the higher plants. 
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1. Genetic Factors .-That certain genetic factors are ^ces^ary Jor 

the development of chlorophylls is shown by e e a . ' produced 

eties of maize in which a certain proportion of the seedli g P ^ 

cannot synthesize chlorophylls, even if a environme 
favorable for their formation. As soon as the food stored n thc ^m 
is exhausted such “albino” seedlings die. This trait is inherited in su h 
strains of maize as a Mendelian recessive and hence s apparen^on^^ 
plants homozygous for this factor. More or ess su ^ of othe r 

on chlorophyll synthesis have been demonstrated 

species. 
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2. Light .—Light is usually necessary for the development of chlo¬ 
rophyll in the angiosperms. In the algae, mosses, ferns, and conifers, how¬ 
ever, chlorophyll synthesis can occur in the dark as well as in the light, 
although the quantity produced is often less in the absence of light than 
in its presence. In a few angiosperms such as seedlings of the water lotus 
(Xelumbo ), and in the cotyledons of citrus embryos chlorophylls can also 
develop in the absence of light. 

Relatively low intensities of light are generally effective in inducing 
chlorophyll synthesis in those species in which light is required for this 
process. All wave lengths of the visible spectrum will, if their energy value 
is adequate, cause chlorophyll development in etiolated seedlings (chlo¬ 
rophyll-free seedlings which have been grown in the dark) except those 
longer than 680 mg (Sayre, 1928). For equal irradiances, a narrow band 
of wave lengths in the blue at about 445 mg is most effccti\c in induc¬ 
ing chlorophyll formation in oat seedlings, a broader wave band in the 
orange red (about 620-660 mg) being next most effective (Fig. 90). 

Like other complex compounds synthesized in plants, chlorophyll un¬ 
doubtedly represents the terminal product of a long chain of reactions. 
Most of the steps in this sequence of reactions are unknown, but the 
evidence regarding the final step in chlorophyll synthesis seems clear. 
Dark-grown seedlings of higher plants are usually yellow in color, but 
actually contain traces of a green pigment, called protochlorophyll. 
Chemically this compound is closely related to the other chlorophylls, 
differing from chlorophyll a only in having two less hydrogen atoms 
in the molecule. There is good evidence that protochlorophyll is the 
immediate precursor of chlorophyll a (Smith, 1948). Reduction of proto- 
chh.rophyll to chlorophyll a appears to be the last step in the synthesis 
of this latter compound. In the higher plants, at least, this reaction occurs 
only in the light, and the protochlorophvll is the light-absorbing agent 
for its own transformation to chlorophyll a (Koski, et al., 1951). 

If a solution of chlorophyll in an organic solvent is exposed to bright 
light its color soon fades because of a destructive effect of light upon 
the chlorophyll. This is in all probability a photo-oxidation process, since 
it is accomplished by the absorption of oxygen. 

Strong light also brings about the disintegration of the chlorophylls 
in leaves, although at a less rapid rate than in chlorophyll solutions (c/. 
discussion of photo-oxidation in Chap. XIX). In leaves exposed to intense 
light, therefore, synthesis and decomposition of chlorophylls are probably 
going on simultaneously. In accord with this concept are the results of 
Shirley (1929) who found in a number of species of plants that the 
chlorophyll content per unit leaf weight or per unit leaf area increased 
with decreasing light intensity until a relatively low intensity was reached. 
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Further decrease in light intensity below this value caused a decrease in 

of own ' 1SZ 

chlorophylls even when illuminated under con 1 ions . d j 

for chlorophyll formation. Oxygen must therefore be equ red m -»m 
of the steps in the sequence of reactions whereby chlorophyll is syn 
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not surprising to find that a deficiency tQ deve i op ; s one 

retards chlorophyll formation. Failure o c 1 °* deficiency in plants, 
of the commonly recognized symptoms o m g chlorophyll 
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These substances apparently play at least indirect roles 

of chlorophyll. _ vnt i 10S s 8 can occur over 

9. Temperature .—In general, ch orophy ^ plants synthesis of 

a wide range of temperatures. In the range 3 "- 48 ''C., but 

chlorophylls occurs at any tempera menko and Hubbcnet, 1932). 

is most rapid between 26 and 30 C. «rsen (1950) on chlo- 
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The mechanism of chlorophyll synthesis is very sensitive to any type 
of physiological disturbance within the plant. Many other conditions be¬ 
sides those already discussed, such as lack of certain other mineral ele¬ 
ments, deficient aeration of the roots, infestations of insects, or infection 
with bacterial, fungous or viral diseases, may induce, directly or indi¬ 
rectly, partial or complete chlorosis of the leaves. The failure of chloro¬ 
phyll synthesis to take place normally is often one of the first observable 
symptoms of almost any derangement in the metabolic conditions within 
a plant. 

The Carotenoids. —This group of orange, red, yellow, and brownish pig¬ 
ments includes a number of chloroplast pigments. At least sixty different 
carotenoids are known to be present in plants. Best known of the pig¬ 
ments in this group is the orange-yellow carotene. This is a hydrocarbon 
with the formula C 40 H 5 C and exists in three isomeric forms. (3-carotene is 
the most abundant of these in plants, and appears to be invariably 
present in the chloroplasts. This compound is the precursor of vitamin A 
(Chap. XXVIII), which is formed in the animal body by a simple hydro¬ 
lytic splitting of the molecules of (3-carotene, as follows: 

C 4 oH m -f- 2 II 2 0 —> 2 C 20 H 29 OH 

Lycopene , a red pigment found in the fruits of tomato, red peppers, roses, 
and other species, is also isomeric with carotene. 

The xanthophylls or carotenols are mostly yellow or brownish pig¬ 
ments, many, but not all, of which have molecular formula C^HjseOo- 
Chemically the carotenols are closely related to carotene, and undoubt¬ 
edly transformations from one kind of carotenoid to another occur read¬ 
ily in plants. 

Luteol is by far the most abundant carotenol in leaves (Strain, 1938); 
other leaf xanthophylls include zeaxanthol, violaxanthol, cryptoxanthol, 
flavoxanthol, and neoxanthin. 

Numerous other xanthophylls occur in the various phyla of algae. 
Among the most abundant of these pigments arc the fucoxanthins which 
impart to brown algae their distinctive color. Several brownish carotenols 
are also present in the diatoms, including fucoxanthins, diatoxanthin, 
and diadinoxanthin. 

The carotenoids are not water soluble, but they can be extracted from 
plant tissues by use of suitable organic solvents. Carotene, for example, 
is soluble in ethyl ether, chloroform, and carbon bisulfide. Leaf xantho¬ 
phylls are soluble in chloroform and ethyl alcohol, but only slightly sol¬ 
uble in carbon bisulfide. 

All of the carotenoids are highly unsaturated compounds, and hence 
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readily oxidizable. Loss of a considerable proportion of the carotenoids 
present in a plant tissue may be occasioned by oxidation during ex r 

tion procedures. „ , 

As shown by its absorption spectrum (Fig. 91), ^-caro one a 
only wave lengths in the blue-violet portion of the visible spectrum. 
The absorption spectra of other carotenoids are similar to tha o 

Most, if not all, of the carotenoid pigments can be synthesized bv 
plants in the absence of light. 



Fio. 91. Absor] 

Relative Quantities of the Chloroplast Pigments Present in Green 

—Data regarding the molecular proportions o 1C c ^ 23 The leaves 
in the leaves of several species are presen cr i chlorophylls to 

listed in this table contain about three mo ecu os chlorophyll a 

one molecule of the carotenoids, about three mo ecu j f xantho- 

to each molecule of chlorophyll b, and about two . 

phylls to each molecule of carotene Althoug rtiona of the c hloro- 

as representative, considerable variation in P . f, lC tors envi- 

plast pigments occurs as a result of '['^^^‘lown in Table 23, with 
ronmental conditions, and the age of the le. . - ‘ increase in the 

senescence of leaves in the autumn there is a n 1C disintegration 

proportion of carotenoids to chlorophylls as a result of the d«. h 
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of the chlorophylls. The proportion of chlorphyll a to b in leaves may 
vary considerably depending upon the light intensity to which the leaves 
have been exposed. Willstatter and Stoll (1928) and others, for example, 
have shown that the proportion of chlorophyll 6 to a is higher in shade 
leaves of many species than in sun leaves of the same species. As an 
example of genetic differences in the pigment content of leaves, results 
obtained with dark and burley varieties of tobacco may be taken as 
illustrative (Griffith et al., 1944). Although the ratio of chlorophyll a to 6 
was virtually the same in all varieties studied the total chlorophyll 
content per gram of dry weight was, on the average, more than 50 per 
cent greater in the dark varieties than in the burley varieties. Carotene 
content of the dark varieties was also appreciably higher than in the 
burley varieties. 


TABLE 23—MOLECULAR PROPORTIONS OF THE CHLOROPLAST PIGMENTS PRESENT IN LEAVES 
AT DIFFERENT SEASONS (DATA OF WILLSTATTER AND STOLL, I 9 I 8 ). 





Molecular proportions 

Species 

Date 

Appearance 
of leaves 

Chlorophyll a 

Carotene 

Chlorophyll 
a and b 




Chlorophyll b 

Xanthophylls 

Carotene and 
Xanthophylls 

European Elder 
(i Sambucus 
nigra) 

| J u iy 

[Oct. 21 

1 

Green 

Green 

2.74 

2.61 

0.59 

0.60 

3-33 

3-»5 

Sunflower 
(Helianthus 
annuus ) 

[Oct. 7 
Nov. 5 
(Nov. 5 

Green 

Yellow green 
Yellow 

2.86 

4.01 

4 95 

OOO 

• • • 

^4 On 4- 

3.66 

1.27 

0.32 

Horse Chestnut 
{Aesculut hip- 
pocastanum ) 

| Oct. 24 

1 Oct. 24 

Green 

Yellow green 

4-23 

4-*3 

O .47 

0.20 

3.06 

0.81 
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The biological world, with only negligible exceptions, runs at the ex¬ 
pense of the material and energy capital accumulated as a result of photo¬ 
synthesis, a process which occurs only in chlorophy ous green p 
From the products of photosynthesis and from a ew simp e mo ** 
compounds obtained from the environment are bui t up in 
isms all of the multifarious and often complex kinds of molecules Inch 
constitute the cellular structure of plants and animals, or \\ 110 
otherwise essential to their existence. Some of the sequences o rea 
resulting in the synthesis of such compounds from p otos> n e 
ucts occur in the bodies of green plants. Others occur m the bodies of 

animals or non-green plants after they have ingeste or 11 1,lzt ‘ 
compounds which had their ultimate origin in the p o os>n ^ _ 

Not only do most of the materials which enter into ie ce , 

ture of plant and animal bodies derive from the photosyn the tic capital, 
but the energy expended in the operation of living organisms i " 

from this source. Plants and animals are constituted so that on ly^enc ©r 

released as a result of the oxidation of foods can >c use • energy 

processes, growth, locomotion, or in other wavs. c 0 f 

of foods, releasable upon oxidation, all represen s coiner * c 

sunlight which was originally entrapped within the mo ecu s 

ts/z: k rr—"2 

or indirectly as a consequence of photosynthesis. 18 18 j 0 q 

of all plant and animal products, but also of our heritage of coal, ml, 

and gas from past geological ages. These latter prof uc s capital. 

the remains of living organisms and also represent p io osyn sunlight 
The energy released from them upon combustion represents sunlight 
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of past geological ages which was captured and converted into chemical 
energy by the photosynthesis of plants which flourished during geological 

epochs long antedating the advent of man. 

Man’s stake in photosynthesis is thus even greater than that of any 
other living organism. Not only is he, like plants and all other animals, 
dependent for his very existence upon this process, but he is also indebted 
to it for many of the goods and most of the energy which contribute to 
maintenance of his standard of living above a mere subsistence level. 

The average human being in the United States consumes foods with 
an energy value of about 3000 kg.-cal. per day. Many of the human inhab¬ 
itants of this globe are not this fortunate, and substantial numbers 
exist more or less constantly on the verge of starvation. Intensifying the 
problem of maintaining adequate food supplies for mankind is the never- 
ending increase in the total human population of the earth. The demand 
of men for more food is not likely to diminish in the foreseeable future. 
There is no substitute for photosynthesis as the ultimate source of all 
human food. 

Advanced industrial civilizations, such as those of North America and 
Europe, are dependent for their maintenance upon the continuous and 
lavish expenditure of energy. The indirect per capita consumption of 
energy per day for each inhabitant of the United States about 147,000 
kg.-cal.—is vastly greater than that used directly as foods. This is the 
energy which is used for heat and power in industry, for turning the 
wheels of trains and automobiles, and for the generation of electricity. 
The great bulk of this energy comes from the combustion of coal, oil, and 
gas. The only important nonphotosynthetic source of energy is water 

power. 

Man’s need to augment power resources is not as pressing as his need 
to increase food supplies. The reservoir of fossil fuels, on which the 
wheels of our civilization turn, will not be depleted in the next year, 
nor even in the next century. But the veins of coal and the pools of oil 
beneath the earth’s surface are not inexhaustible. Sooner or later the 
problem of replacement sources for these fuels will confront the human 
race. Some foresight in meeting this ultimate problem would be a wise 
insurance against the inevitable. 

Spectacular hopes have been expressed that the future will see the 
harnessing of atomic energy for peaceful purposes, and undoubtedly 
this imagination-challenging possibility exists. But atomic energy sources 
of heat and power will be developed slowly, and there is as yet no cer¬ 
tainty that they can supplant fuels as a major source of energy. To bank 
solely on atomic energy as our future source of heat and power would 
be premature in the present state of knowledge. 
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On this sun-drenched planet solar radiation would seem to be the 
most promising source to which to turn for additional energy. Partic¬ 
ularly does this seem to be true when it is realized that the efficiency 
of photosynthesis is very low. The proportion of the total solar energy 
falling on the earth’s surface which is converted into chemical energy 
by green plants is of the order of a few tenths of one per cent (see further 
discussion later in this chapter). For well-recognized thermodynamic 
reasons it is improbable that man will ever be able to harness any majoi 
fraction of the solar radiation intercepted by the earth, but there is no 
doubt that some increase could be made in the proportion of this solar 


energy which can be diverted to human use. 

One major possibility is that of an increase in the total annual photo¬ 
synthetic production. In this connection a digression should be made 
to point out that the currently available photosynthetic product is by 
no means fully exploited by man as a source of energy. A larger supply of 
available foods and fuels can be achieved by a more efficient utilization 
of the present annual photosynthetic output, but measures designed to 
accomplish this objective should not be confused with procedures which 
might be undertaken to increase the total annual production of photo- 


synthate. 

There are a number of possible ways of utilizing the present organic 
material output of photosynthesis more efficiently. One would be the 
conversion of inedible products such as wood and straw into foods. Tech¬ 
nological methods of obtaining large yields of sugars from such plant, 
materials, which are composed largely of cellulose, have been de\eopec . 
Carbohydrate foods obtained in this way could be used, either directly 
or indirectly, as supplementary sources of human food. An alternate e 
procedure would be to convert such plant materials into alcohol—also a 
technologically feasible procedure—which could then be used as fuel. 
Another way of increasing available foods would be by making a guaUr 
use of aquatic plants which constitute the least tapped of all photosyn¬ 
thetic resources. Still another method of achieving a more complete util¬ 
ization of present photosynthetic resources lies in the breeding of better 
varieties of grazing animals which are more efficient than existing ones 
in the conversion of the photosynthetic product of grasslands into foods 

which can be eaten by humans. . 

The primary goal, however, should be an increase in the total annual 

production of photosynthate. Some enhancement in the overall efficiency 
of the process on an acre-year basis undoubtedly can be achieve in many 
parts of the world by the use of improved varieties of plants, better- 
agricultural and silvicultural methods, and other practices. A gain ol 
only 0.01 per cent in the total radiant energy incident on land areas con- 
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verted into chemical energy in photosynthesis would increase enormously 
the food resources of the world. Proposals have also been made that 
commercial-scale artificial culture of Chlorella or other unicellular algae 
in solution be undertaken as an additional source of basic foods. Pre¬ 
liminary experiments indicate at least a possibility that this somewhat 
revolutionary approach to the problem of food production may be 
feasible. 

A second major possibility of channeling more solar energy to human 
use is that of its direct conversion to usable energy without the inter¬ 
mediation of the green plant. This dream has long been entertained, 
and many schemes for its realization have been elaborated. Of various 
proposals which have been made the most promising appears to be the 
development of some sort of an artificial photosynthetic mechanism. A 
thorough understanding of photosynthesis as it occurs in the green plant 
—the only known mechanism of this kind—should yield clues as to how 
analogous mechanisms might be devised and operated to convert now 
wasted radiant energy of sunlight into chemical energy which can be 
used by man. 

The key to further progress in adding to the food or energy resources 
of man clearly lies in n thorough understanding of the mechanism of the 
one known effective radiant energy converter—the chlorophyllous plant 
cell. This is true whether progress is to be made by a more efficient util¬ 
ization of the green plant itself as an energy converter, or by the develop¬ 
ment of artificial photosynthetic systems which circumvent the plant. 

Photosynthesis as a Process. —The process in which certain carbohy¬ 
drates are synthesized from carbon dioxide and water by chlorophyllous 
cells in the presence of light, oxygen being a by-product, is generally 
called photosynthesis. On the continent of Europe and to a lesser extent 
in Great Britain, the terms carbon assimilation and assimilation are often 
used to designate this process. The common use of the word “assimilation” 
to denote the process in which foods are incorporated into the structures 
of the plant body (Chap. XXIX) makes the employment of this term 
or carbon assimilation as a synonym for photosynthesis undesirable. 

The summary equation representing the process of photosynthesis is 
conventionally written as follows: 


6 C0 2 + 6 HP 


673 kg:.- cal. of 
radiant energy 
- >- 

chlorophyllous cells 


c 6 H 12 0 6 + 6 0 2 


It should be clearly understood that this equation does not purport to 
indicate the mechanism of the process, but is merely a statement of the 
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net exchanges which occur in the shorthand of chemical symbols. As 
usually written, a hexose sugar is designated as the carbohydrate formed 
in photosynthesis, but this is by no means certain. The question of the 
actual first products of photosynthesis will be discussed later. The value 
673 kg.-cal. is, strictly speaking, correct only for glucose the energy 
requirement of the reaction is approximately the same, per CHA g P. 
however, for the synthesis of any of the hcxoses, or for any d.sacchande 

or polysaccharide derived from hcxoses. , , , 

Leaf Anatomy in Relation to Photosynthes.s.-In the vascular plants 
photosynthesis occurs chiefly in the leaves, which in the majority o( 
species are thin, expanded organs possessing a large external surface m 
proportion to their volume. This type of structure remit, thedisplay 
of a large number of chloroplast-eontaining cells to hght in proportio 
to the volume of the leaf. The labyrinth of intercellular 
in the interior of the leaf is so extensive that practically e ry g 
cell is in contact with the internal atmosphere of the leaf- As a re It 
of this loose cellular structure the internal leaf surface fc* 
leaf cells in contact with the intercellular spaces is much greater than 
the surface of the epidermal cells exposed to the outside atmospWc^ 
In a lilac leaf, for example, the internal surface is about t 
as great as its external surface (Turrell, 1936). A os 
dioxide absorbed by mesophyll cells passes into them from '.e J 
cellular spaces after first having diffused into the >^f ;o f ^ sto 
mates, although substantial quantities of carbon d.ox de arc absorbed 
directly by the epidermal cells of some species (Freeland ^8). The 
presence of intercellular spaces in a leaf therefore provides mu mo 
extensive carbon dioxide absorbing surface than ,f nil o th s gas 
absorbed directly through the external leaf surfaces. Smcc 

all of .,e cells within a lcaf f a " e "°™“al '.'iTspaces is usually higher 
water, the vapor pressure of t< ,c .. -i i 0 f or the leaf 

than that of the outside atmosphere. This mak P osed to 

cells to absorb atmospheric carbon 

the usually relatively dry externa interct .l| u J ar spaces is continuous 
are open the internal atmosphere of diox jde can diffuse with 

with that of the outside atmosphere, a, d ca ^ Bpacc8 A(ter 

little impediment from the outside i mesophyll cell walls part 

passing into solution in the water saura ^ c|u , ionic acid (Ha CO a ). 

of the carbon dioxide reacts with w chlc f ropla8t8 in this form and 

Some of the carbon dioxide difiuh-es 

some simply as dissolved carbon dmwdc ()f hotosynt hcsis arc 

The Products of Photosynthesis.- V I P Most of tllc letter 

generally considered to be carbohydra 
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diffuses out of the cells in which it is set free and plays no further part 
in the metabolism of the plant. Some of the oxygen, however, may be 
chemically intercepted and utilized in respiration within the cells. The 
products of importance in plant nutrition are the energy-rich carbo¬ 
hydrates which are built up in the chloroplasts. 

Only four carbohydrates commonly appear in leaf cells during or 
immediately after photosynthesis. These are the hexoses, n-glucose and 
D-fructose, the disaccharide sucrose, and the polysaccharide starch 
(Chap. XX). Numerous attempts have been made to determine how 
many of these carbohydrates are direct products of photosynthesis and 
also which is the “first’' product in this process, but to date there is no 
entirely satisfactory answer to this question. It appears quite probable, 
in fact, that the products of photosynthesis may differ somewhat from 
one photosynthetic tissue to another. 

The work of some investigators seems to indicate that the principal leaf 
carbohydrates are formed sequentially in the order of their complex¬ 
ity. Weevers (1924), for example, showed that if geranium plants, the 
leaves of which had been depleted of sugars by keeping them in the dark, 
were allowed to photosynthesize for a very short period, only hexoses 
accumulated. A longer exposure was required for the appearance of su¬ 
crose, and a still longer one for the appearance of starch. 

On the other hand, a number of investigators have claimed that su¬ 
crose (C 12 H 

2- On) is the first sugar to be formed in photosynthesis. The 
fact that the sucrose content of the leaves of a number of species in¬ 
creases during periods of active photosynthesis and -decreases rapidly 
upon the cessation of photosynthesis, while the hexose content of those 
same leaves remains much more nearly constant throughout the day 
(Parkin, 1912, and others), has been taken as evidence for this postu¬ 
lation. Further evidence that sucrose is probably the first free carbohy¬ 
drate to be formed in photosynthesis, at least in some species, is given 
later under the discussion of the carbon pathway in photosynthesis. 

Still different results were obtained by Smith (1944). He found that 
sucrose and starch are formed simultaneously during photosynthesis in 
sunflower leaves, presumably from a common precursor, and also ob¬ 
tained evidence that most of the hexoses present in the leaf cells arise 
from the digestion of sucrose (Chap. XX), rather than as direct products 
of photosynthesis. 

Both starch and sucrose serve principally as temporary storage car¬ 
bohydrates in mesophyll cells. Sucrose is readily translocated from the 
leaves as such. Starch, however, being insoluble, is immobile until digested 
to simpler, soluble carbohydrates which can move out of the mesophyll 
cells. 
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There is some evidence that other types of stable organic compounds 
may arise more or less directly in the photosynthetic process, at least 
under some conditions or in some species. Burstrom’s (1943) results with 
young, excised wheat leaves indicate that a direct reduction of nitrates 
resulting in the formation of amino acids (Chap. XXVI) or related com¬ 
pounds may occur as an integral part of photosynthesis. Indications of 
a similar close relationship between nitrogen metabolism and photosyn¬ 
thesis has also been found in Chlorella (Myers, 1949). Evidence of an 
intermeshing of the processes of photosynthesis and amino acid synthesis 
also comes from studies of the carbon pathway in photosynthesis as re¬ 
vealed by the use of radioactive isotopes, discussed later. 

Results indicating that amino acid synthesis occurs in young leaves 
of at least some species as an apparently integral part of photosynthesis 
contrasts with the results of Smith (1943), who found an exact equiv¬ 
alence between the quantity of carbon dioxide photosynthes.zed and the 
quantity of carbohydrates made in sunflower leaves. It seems high > 
probable that the course of photosynthesis is not exactly the same in a 
photosynthetic tissues. The process may follow a different course in young, 
growing leaves, for example, than it does in older and moic ma \\u 

even in the same species. . • 

Starch Synthesis.— One of the most familiar facts about plmtosyntlie. is 

is that starch accumulates in the chloroplasts of many spcc.es shortly it 
not immediately, after the onset of the process at any appreciable rate. 
Although the possibility of the direct formation of starch m photosyn¬ 
thesis in some species cannot he excluded, in general starch synthesis and 
photosynthesis are independent processes Since starch is insoh. , e in 

water tiie presence of starch grains in a cell mus signi y 'a " 
have been built up in that cell. Starch grains often occur abundantly n 
the cells of non-green tissues or in the tissues of roots or other plant 
organs which are never exposed to light. Obviously photosynthesis eanno 
take place in such cells and the starch present must have been synthesised 
from sugars translocated to them from the green organs of the plant 

Since starch synthesis in the non-green cells of l' I '''^ , ^ 0 ,o sl 
distinct process from photosynthesis, it seems probable that this - also 
true of the starch synthesis which occurs green cells The fact that 


starch 


> of the* starch synthesis which occurs m green — . f 

rch synthesis will take place in the chloroplasts of green leaves floated 
a sugar solution in the dark also supports this view. Photosynthesis 


im u fcut'ui ruiuuuii v..-- ■ • . « • . 14 - --.I.. * 

occurs only in the presence of light and, in the higher plan s only ... 
the chloroplasts. Starch synthesis may occur m the c doroplasts, most 
probably as the product of a secondary reaction, hut also may take 
place in many non-green cells and in either the light or dark. In non- 
green cells starch is synthesized in the leucoplasts. 
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The critical concentration of simple sugars required for starch forma¬ 
tion in the leaves of many species is very low and has been reported to 
be less than 0.5 g. per 100 g. of fresh leaves in some species. In the meso- 
phyll cells of most species, therefore, starch formation in the leaves 
quickly follows photosynthesis, much of the sugar made in the latter 
process being converted into starch. Under conditions favorable to photo¬ 
synthesis the starch content of the leaves of most species usually in¬ 
creases during much of the daylight period. During the night hours the 
starch content of leaves usually decreases because of digestion of part 
or all of the starch back to glucose and translocation out of the cells 
in the form of this sugar or other soluble carbohydrates produced there¬ 
from. 

That starch synthesis is an entirely independent process from photo¬ 
synthesis is also indicated by the fact that this process does not occur in 
the mesophyll cells of a number of species of plants, yet photosynthesis 
takes place in these cells in the same manner as in all other green plants. 
Failure of the leaves to synthesize starch is a characteristic feature of 
the metabolism of many species of the Liliaceae, Amaryllidaceae, Gen- 
tianaceae, Compositae, and Umbelliferae. 

Similarly the non-green portions of at least some kinds of variegated 
leaves do not normally synthesize starch. However, if the sugar concen¬ 
tration within the chlorophyll-free cells is artificially increased by float¬ 
ing such leaves on glucose solutions, starch synthesis can be induced. 
For the leaves of the variegated geranium a glucose solution of about 0.5 
M concentration has been found to be optimum for the induction of 
starch synthesis in the non-green portions (Chapman and Camp, 1932). 

The chemical mechanism of starch synthesis is discussed in Chap. XX. 

The Measurement of Photosynthesis.— Measurements of photosynthesis 
are complicated by the fact that certain other processes involving the 
same materials are proceeding in the cells at the same time. The process 
of respiration is continually in progress in all cells, resulting in an 
oxidation of part of the carbohydrates synthesized in photosynthesis. 
This introduces an error which is inherent in all methods of measuring 
photosynthesis. Determinations of the quantity of photosynthate formed 
in a given time are always less than the true value by the amount of 
carbohydrate which has been consumed in respiration. In many measure¬ 
ments of photosynthesis the simultaneous occurrence of respiration is 
disregarded, and the results obtained are designated as the apparent or 
n-et photosynthetic rate, or, in other words, as the rate of photosynthesis 
minus the rate of respiration. Since in rapidly photosynthesizing tissues 
the rate of photosynthesis is often ten to twenty times as great as the 
rate of respiration, the apparent photosynthetic rate is often not greatly 
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less than the true rate. For many purposes measurements of the rate of 
apparent photosynthesis have as great or greater significance as deter¬ 
minations of the “true” rate. Values for the actual rate of photosynthesis 


are obtained by correcting appar¬ 
ent rates for the quantity of car¬ 
bohydrates consumed in respira¬ 
tion during the period of the 
measurement. The values used for 
such corrections are obtained by 
measuring the respiration rate of 
the same plant or organ when 
treated so that photosynthesis 
cannot occur—as, for example, by 
subjection to complete darkness. 

Quantitative measurements of 
photosynthesis in terrestrial plants 
are usually based on determina¬ 
tions of the rate of oxygen evolu¬ 
tion or rate of carbon dioxide 
consumption. The plants or parts 
of plants are enclosed in trans¬ 
parent chambers, or leaf cups 
(Chap. IX) are attached to the 
leaves. Outside air is passed 
through the chambers or leaf cups 
at a relatively rapid rate. The air 
is collected upon emergence from 
the chamber and analyzed for 
oxygen, or carbon dioxide, or both. 
Another procedure is to analyze 
small samples of the air for these 
gases at frequent intervals. By a 
comparison of the results of these 
analyses with similar analyses of 
the outside atmosphere, the rate 
of carbon dioxide consumption or 
oxygen evolution can be com¬ 
puted, either of which will serve 
as an index of the rate of appar¬ 
ent photosynthesis (Heinicke and 
Hoffman, 1933; Thomas and Hill, 
1937). The rate of carbon dioxide 



Fig. 92. Warburg manometer, heft, 
front view. Right, side view, showing 
attached flask which is immersed in, and 
oscillates in, a constant temperature 
bath. In the simplest application of this 
method to the measurement of photo¬ 
synthesis, algae or other small units of 
photosynthetic tissue are suspended in 
a bicarbonate buffer (which serves as 
the CO, source) in the flask, and the 
rate of O, evolution, measured mano- 
metrically, taken as the index of the rate 
of apparent photosynthesis. The same 
type of apparatus is also widely used for 
the measurement of the rates of respira¬ 
tion as indicated by the rate of O, con¬ 
sumption. Redrawn from Dixon (1943). 
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consumption, under field conditions favorable for photosynthesis, is usu¬ 
ally between 10 and 20 mg. COo per dm. 2 of leaf area per hr. 

Many of the most fundamental investigations of photosynthetic rates 
have been made by very sensitive manometric techniques which are in¬ 
trinsically limited in their application to determinations of photosynthesis 
in small units of plant tissue. Manometric methods of measuring photo¬ 
synthesis have been used most widely with suspensions of algae such as 
Chlorella. In these techniques the rate of oxygen evolution, or carbon 
dioxide consumption, or both, are measured by pressure changes in a 
closed system in which the photosynthesizing tissue is enclosed (Fig. 92). 
Detailed descriptions of the various manometric techniques are given by 
Dixon (1943) and Umbreit ei al. (1949). 

The simplest method of making rough quantitative measurements of 
the rate of photosynthesis in terrestrial plants is to determine the in¬ 
crease in the dry weight of leaves during a given interval of time. One 
method of procedure is as follows: a representative sample of disks, 
usually 100 or more, is cut from the leaves by means of a cork borer at 
the beginning of the period for which the determination is to be made. 
These disks are transferred to an oven and dried to constant weight. At 
the end of a chosen period of time, the plant having been meanwhile ex¬ 
posed to the desired environmental conditions, a second sample consisting 
of the same number of disks as the first is cut from the leaves. Various 
precautions must be taken to insure the two samples being as nearly com¬ 
parable as possible. The dry weight of the second sample of disks is also 
determined. Any gain in dry weight is considered to represent carbohy¬ 
drates which have accumulated in the leaves as a result of photosynthesis. 
This method is subject to several serious errors (Thoday, 1909) and yields 
only approximate results. The gain in dry weight of leaves under condi¬ 
tions favorable for photosynthesis is usually between 0.5 and 2.0 g. per 
square meter per hour. The “twin leaf” method described by Denny 
(1930) is a variation of this method. 

The Use of Isotopes as Tracers in Physiological Investigations. —The 
atoms of most chemical elements exist in more than one variety. Each 
kind of a given element has a different atomic weight, but all of them 
carry the same nuclear charge. For example, there are three different 
kinds of magnesium atoms with atomic weights of 24, 25, and 26, respec¬ 
tively. Such different varieties of atoms of a given element are called 
isotopes. Differences in the chemical behavior of two isotopes of the same 
element are so slight as to be barely detectable, and ordinarily they can¬ 
not be separated by chemical methods. The chemical properties of all 
isotopes of a given element arc virtually identical, because all have the 
same electron configuration; one isotope differs from another only in the 
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constitution of the atomic nucleus which is composed of protons and 
neutrons. 

In addition to the stable isotopes described above there are many radio¬ 
active isotopes of various elements. Radioactive isotopes of certain heavy 
elements such as uranium and radium occur in nature. The atoms of many 
elements not normally radioactive may be made so by bombardment 
with various types of elementary particles such as neutrons, protons, 
deuterons, and alpha particles. Such bombardments are usually accom¬ 
plished with the aid of a cyclotron or an uranium pile reactor. 

Atoms of all radioactive elements gradually disintegrate, emitting 
charged particles and radiations in the process. For the artificially radio¬ 
active elements which are of greatest significance in biological sciences, 
the charged particles emitted are electrons and positrons. As a result cf 
the loss of particles and radiations by radioactive isotopes one element 
is transmuted into another. Radioactive Na«, for example, with the loss 
of an electron, is converted into the stable naturally occurring Mg- 
isotope. The half-life of a radioactive isotope is the length of time re¬ 
quired for half of any given weight of the isotope to be converted in o 
the kind of atom into which it is degraded. The half-lives of radioactive 

isotopes range from less than a second to many hun re s o > ea1 *®- 

The situation with regard to isotopes is well illustrated by the bio¬ 
logically important element carbon. Naturally occurring carbon consis s 
almost entirely of the stable C» isotope. The C » isotope is also stable 
and occurs in traces in nature. The atomic weight of naturally occurring 
carbon is a little more than 12, because of the presence of a slight ad¬ 
mixture of the C» isotope. In addition, three radioactive ^otopes can be 
made: C 10 , with a half-life of 9 sec., C“ with a half-life of 21 min., and 

C“, with a half-life of about 5000 years. 

A radioactive isotope betrays its presence wherever it may be by *he 
continual emission of charged particles which can be detected ■than 
electroscope or Geiger counter. Similarly, the presence of any of the rarer 
stableTsotopcs in astern can be detected, because of their unusual mass 
by means of the instrument known as the mass spcctograpl. Hence . 
molecules of any compound are tagged, by mcorporat.ng .nto them ato.ns 
that are radioactive or atoms of the rarer kinds of stable isotopes, it is 
possible to trace such molecules through a system. After the absorption 
or ingestion of such molecules by an organism it is possible to ohow their 
subsequent distribution through the organism and often to determine th 
reactions in which they participate. This is not poss.hle h> ordinary 
methods of chemical analysis because by such methods it is 
to distinguish between introduced molecules and others of the same species 
which were already present in the organism. 
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If a compound containing tagged atoms is introduced through the roots 
of a plant, for example, subsequent distribution of the labeled atoms in 
the plant can be followed (Chap. XXVII). Furthermore, if tissues in 
which the labeled substance is found to be present—leaves, for example 
—are analyzed, the kinds of compounds in which the tagged atoms are 
present at the end of the experiment can often be ascertained. It is in this 
latter manner that the steps in metabolic reactions can often be followed. 

The availability of the rarer kinds of stable isotopes of some elements 
and of artificially made radioactive isotopes of others has placed a new 
tool in the hands of investigators of the physiology of plants and animals. 
Some of the more widely used isotopes in plant research are the stable 
isotopes H 2 , O 18 , C 13 , and N 15 , and the radioactive isotopes Na 24 , P 32 , 
K 42 , C 11 , C 14 , S 35 , and Ca 4B . Many of these isotopes will be referred to in 
the following pages in connection with investigations in which they have 
been employed as tracers. For further information on this topic, such 
reference books as Kamen (1947) and Hevesey (1948) should be con¬ 
sulted. 

The Mechanism of Photosynthesis.— From the standpoint of fundamental 
chemistry the overall process of photosynthesis is an oxidation-reduction 
reaction between carbon dioxide and water. The carbon dioxide is reduced, 
and the water is oxidized largely as a result of a transfer of hydrogen 
atoms from water to carbon dioxide. Because this reaction occurs against 
the existing energy gradient, t.e., the energy content of the products is 
greater than that of the initial reactants, energy must be supplied from 
an outside source. Since, in actuality, the external source of energy is 
light, the overall process is, in essence, a photochemical reduction of 
carbon dioxide. 

The summary chemioal equation for photosynthesis actually represents 
a complex of reactions. Although some progress has been made in the 
direction of unraveling the various steps in this process, our knowledge of 
its mechanism is still very fragmentary. 

Certain topics contributing to an understanding of the mechanism of 
photosynthesis have already been considered: (1) the structure of the 
chloroplasts (Chap. IV), (2) the physical and chemical properties of the 
chloroplast pigments, and (3) the products of photosynthesis. Other as¬ 
pects of this problem will now be discussed briefly under appropriate 
subheadings. For comprehensive reviews of this topic, see Rabinowitch 
(1945, 1951) and Franck and Loomis (1949). 

Role of the Chloroplast Pigments .—All of the chlorophylls appear to 
participate in photosynthesis in fundamentally the same ways. Their role 
appears to be twofold: (1) they absorb certain wave lengths of radiant 
energy and either convert this energy into other wave lengths which are 
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used in photosynthesis, or else transfer the absorbed energy directly to 
compounds involved in the reaction; (2) they act in the capacity of a 
catalyst at some stage or stages of the photosynthetic process. The firs 
of these roles is the more obvious of the two, since neither carbon dioxide 
nor water absorbs radiant energy in the visible range. It is essential, 
therefore, that the reaction be “sensitized” by a pigment. The further role 
of the chlorophylls is a catalytic one. The chlorophyll content of leaves 
shows no change during a period of photosynthesis, and the propo ion 
of chlorophyll a to chlorophyll b is just the same after a period of active 
photosynthesis as before. These facts indicate that no permanent destruc¬ 
tion or transformation of chlorophyll occurs during the process an in 
directly, at least, support the concept that one of the roles of chlorophyll 


in photosynthesis is a catalytic one. 

The universal presence of the carotenoid pigments in the chloroplas s 
suggests very strongly that they also participate in photosynt esis, u 
no evidence has yet been found that they actually play any to e in 
process in the higher plants. There is good evidence, on t e o er an , 
that at least some of the light absorbed by certain carotenoid pigments 
in diatoms (Dutton and Manning, 1941; Tanada, 1951) , an B^een an 
brown algae (Haxo and Blinks, 1950) is used in photosynthesis. Similarly 
light absorbed by phycocyanin in some blue-green algae (Emerson and 
Lewis, 1942) and by phycobilins (phycocyanin and phycoerythnn) in 
some red algae (Haxo and Blinks, 1950) is used in the process, n sorn 
red algae the phycobilins appear to be the primary light absorbers rather 
than chlorophyll. While other pigments may thus supplement chlorophy s 
as light-absorbers in the photosynthetic mechanism of at least some 
species, they cannot substitute for chlorophyll in its y 1C ™ e ’ 
example has ever been found of photosynthesis occurring in a cell which 

did not contain at least one of the chlorophylls. 

Other Protoplasmic Factors .—It has never been found possible to ac- 
complish the complete process of photosynthesis m vitro by the use of 
chlorophyll solutions or dispersions, or by means of chlorop asts which 
have been isolated from cells. The complete process occurs only in intact 
chlorophyll-containing cells, indicating that other constituents of the liv¬ 
ing cell system besides the chlorophylls, or even the cliloroplasts, are 

essential for the occurrence of photosynthesis. . 

At least several enzymes undoubtedly play a part in photosyn hes.s 
although no enzyme which is known to be a specific participant in the 
process has ever been isolated from plant cells. The evidence for the in¬ 
termediation of enzymes comes chiefly from the temperature behavior 
of photosynthesis and from the effects of certain specific chemical com- 

pounds on the process (Chap. XIX). 
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Carbon Dioxide Absorbing Mechanism of Leaves. —Independently of 
photosynthesis, and preliminary to its actual participation in the over¬ 
all mechanism of the process, carbon dioxide may be absorbed and accu¬ 
mulated in the cells of leaves and other plant organs in considerable 
quantities. Green leaves can absorb much more carbon dioxide than can 
be accounted for by sample solution in the cell sap (Shafer, 1938; Smith, 
1940). This process is reversible and is not related to the presence of 
chlorophyll or the occurrence of photosynthesis because it occurs almost 
equally well in non-green organs and in the dark. At least three mech¬ 
anisms of accumulation of carbon dioxide have been shown to operate in 
sunflower leaves: (1) solution in the cell sap, (2) reaction with soluble 
buffers, largely phosphates, and (3) reaction with insoluble carbonates, 
probably largely calcium carbonate (Smith and Cowie, 1941). Still an¬ 
other mechanism whereby cells accumulate carbon dioxide is described 
later in this chapter. 

The ‘‘Light” and “Dark” Reactions of Photosynthesis. —Over a tem¬ 
perature range of about 10°-25°C., if light intensity and carbon dioxide 
concentration are relatively high, the Qio (Chap. V) of photosynthesis is 
approximately two. Strictly chemical reactions characteristically have a 
Q 10 of from two to three. This fact indicates that at least one of the reac¬ 
tions involved in photosynthesis is of a purely chemical type. Since this 
fact was first pointed out by Blackman, this reaction is often called the 
Blackman reaction. It is also frequently referred to as the dark reaction, 
since it does not require light, and therefore may take place in either the 
light or the dark. It now seems certain that there is not just one, but 
several, “dark” reactions involved in photosynthesis. 

A chemical reaction which proceeds only at the expense of absorbed 
light is called a 'photochemical reaction. That photosynthesis involves 
such a reaction or reactions can be inferred from the fact “that it occurs 
only in the light. The Q 10 of a photochemical reaction is approximately 
one. Under low light intensities, even with a relatively high carbon 
dioxide concentration and other conditions favorable for photosynthesis, 
the temperature coefficient of the process is about one, indicating that 
under such conditions the rate of photosynthesis is limited by a photo¬ 
chemical phase. 

That photosynthesis involves both photochemical and chemical reac¬ 
tions is also shown by the results of investigations in which plants are 
exposed to intermittent light. As shown by Emerson and Arnold (1932), 
when cultures of the green alga Chlorella were exposed to the intermittent 
illumination at the rate of 50 flashes per second, the periods of illumina¬ 
tion being much shorter (0.0034 sec.) than the intervening dark periods 
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(0.0166 sec.), the photosynthetic yield per unit of light was increased 
about 400 per cent as compared with the rate m continuous light 

Assuming that a photochemical reaction comes first, the results just 
described can be explained as follows. When illumination is continuous 
the products of a light reaction arc formed faster than they can be uti¬ 
lized in a relatively slower dark reaction. When the light is intermittent, 
however, all or most of the products of a photochemical reaction aie 
removed by a dark reaction during the intervening .lark period, and the 
photosynthetic output per unit of light is considerably greater. 

By experimenting to find out how long a dark period was requires o 
the best vield per unit of light. for the complete removal of lie 
product resulting during each light flash, the same investigators were able 
to estimate the duration of each reaction. The dark reaction was found 
to proceed in less than 0.04 sec. at 25°C and to >e grta \ m non ' • 

temperature. The light reaction, on the other hand, takes place w g ■ 
speed, requiring only about 0.00001 sec. for its completion, and is un¬ 
affected bv temperature. ....... jn,., 

These results indicate that the rate of photosynthesis is him e< 
stage of the process which occurs at the slowest rate W ith low h hi n- 
tensities and adequate carbon dioxide supply, a pliotochemica . 
is limiting and temperature will have little effect on the ra e of the 
process. With high light intensities and adequate carbon d.ox de -u| 
but low temperatures, the rate of photosynthesis is bunted 1 > <| 

reaction, and will increase considerably with a rise m < 

Source o, the Oxygen Mense.l in Ph 0 tosynthe S 's.-\ knowoHhe 

source of the oxygen released in photosynthesis is on tiuntors of 

understanding of the mechanism of the process Many 
photosynthesis have assumed in the past that the oxygen « ^ 

from the carbon dioxide, an assumption which the cq. .vale cc a « 
the oxygen released and the oxygen in the carbon 

By using water and carbon dioxide made with the hea y ° f ” 

gen , 0 ») as the raw materials fl * 

have shown that the oxygen set fr 1 .. . cxtmm .l y funda- 

molecules and not from carbon dioxide ‘ . . ( 1944 ). A nec- 

mcntal discovery has been confirmed »y ot aI " * , j f t ] cas t 

essary corollary of this finding is that more wat'■ 

twelve per molecule of hexose formed, 

photosynthetic reaction than are ^ ^ , K . prov ided by only 

equation, because more oxygen is lc therefore a more accurate 

six water molecules. The following t | 

representation of the overall reaction. 
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678 kg. -cal* of 

6 CO a + 12 H 2 0 ” dl ‘ mt C " etg7 > - CsHutOa + 6 H 2 0 + 6 Oj 

chlorophyllotu cells 

The Hill Reaction. —Hill (1937, 1939) and subsequently others have 
shown that illumination of suspensions of chloroplasts in water in the 
presence of a suitable hydrogen acceptor (oxidant) results in the release 
of oxygen. This reaction also occurs in suspensions of grana from disin¬ 
tegrated chloroplasts (Warburg and Liittgens, 1944; Aronoff, 1946). This 
phenomenon, now generally called the Hill reaction , can be represented 
by the following summary equation, A standing for a hydrogen acceptor: 

2 H 2 0 + 2 A —2 AH 2 + 0 2 

Some of the compounds which act as hydrogen acceptors in this reaction 
are ferricyanides, chromates, certain quinones, and certain indophenols. 
Holt and French (1948), by use of the O 18 isotope of oxygen, showed that 
the oxygen released in the Hill reaction, as in the overall process of 
photosynthesis, comes from the water molecules. 

It is now quite generally considered that the Hill reaction, which is 
essentially* a photocatalyzed splitting of water, represents one of the 
constituent reactions of photosynthesis. A probable role of this reaction 
in the overall process is the formation of a reducing agent which, in turn, 
directly or indirectly, results in the transfer of hydrogen to carbon dioxide. 

Oxygen liberation without simultaneous reduction of carbon dioxide 
can also occur in intact plants. When, for example, suspensions of 
Chlorella cells were illuminated in the absence of carbon dioxide, but in 
the presence of certain hydrogen acceptors, such as benzaldehyde, oxygen, 
presumably coming from water molecules, was released (Fan, et al. t 1943). 

If the assumption that the Hill reaction is a constituent reaction of 
photosynthesis is correct, then the summary equation for the other phase 
of the process (i.e., the reduction of carbon dioxide) would be: 

CO, + 2 AH, -» (CHjO) + 2 A + H,0 

in which (CH 2 0) represents a carbohydrate-type molecule. 

The Carbon Pathway in Photosynthesis. —Considerable progress has 
been made in tracing the pathway of carbon through the photosynthetic 
mechanism by the use of radioactive isotopes. When a suspension of the 
alga Chlorella or of the alga Scenedesmus was allowed to photosynthesize 
for the very short period of 5 sec. in the presence of carbon dioxide made 
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with radioactive C 14 isotope, a very large proportion (about 70 per cent) 
of the labeled carbon was found by subsequent analysis of the cells to 
be present in the compound phosphoglyceric acid (Calvin and Benson, 
1949; Benson and Calvin, 1950). This was also found to be true for barley 
and geranium leaves after very short periods of photosynthesis, similar y 
Aronoff and Vernon (1950) found glyceric acid and phosphoglyceric aci 
to be the principal compounds containing radioactive carbon after very 

short periods of photosynthesis in soybean leaves Glycenc (or phospho¬ 
glyceric) acid thus appears to be a key intermediate in photosynthesis- 

ft is also a known intermediate compound in the process of ' ™‘‘° n 
(Chap. XXII). After-slightly longer, but still very short periods of photo¬ 
synthesis, radioactive carbon is also present in other e°mpounds some o f 
which are also intermediates in respiration. It is a plaus.bde 1 

therefore, that the carbon dioxide reduction phase of P hot ° s ^ hesl8 
proceed at least in part by a reversal of the sequence of reactions occur 

ring in one phase of respiration. mlativplv 

Radioactive carbon also appears in sucrose mdecules after ^ J 

short periods of photosynthesis. The actual order in which sugars appear 
is not clearly indicated by the results obtained to date in expenments 
with radioactive carbon dioxide. It is entirely possib 
in which sugars are formed in photosynthesis may be different 
species of plants or even in the same plant under different conditions. 

Radioactive carbon is also found after very short periods of photo 
synthesis to be present in alanine, serine, and other ammo 
XXVII This is evidence in favor of the previously exp . 

™nthesis of amino acids in photosynthetic tissues is closely inter- 

meshed with the intermediate steps in P 0 Syn . ^ ’ _j: ng th e carbon 
Although the discoveries which have been made ^rding th carbon 

path in photosynthesis are very significant they do not clarify the pro 

s- -< —v i- SS— 

thesis. If the photochemical splitting undiscovered, must 

reaction of photosynthesis, some mec .. transfer their energy 

exist whereby the reductants formed in proceS. 

to the products formed in the carbon 10 x 1 e Rrown et al (1949), 

Ruben et of. (1940), Calvin and Benson^^S), Brown et >■ 

and others have studied , th * fix * “ ha6 been preS umed that a clue 
several species of plants in the d f ca ^ )on dloxide in photosynthesis 
to the first step in the utilizatio experiments have shown 

might be found in this way. Theresa ts of s' n Tqu”kly incorporated 
that in the dark most of the ™ ““ '™ ic ; ncluding ccrtain am i no 

^“aTanr^rtic acid. This is a fundamentally different 
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process from the one previously described under the topic of the carbon 

dioxide-absorbing mechanism of leaves. 

However, interpretation of experimental results on dark fixation of 
carbon dioxide is complicated by the fact that this process is not neces¬ 
sarily related to photosynthesis. ood and Werkman (1936) were the 
first to show that bacteria can incorporate carbon dioxide into metabolic 
products by a reversal of the decarboxylation process (Chap. XXII). 
It is now known that similar processes occur very widely in plant tissues, 
both green and non-green (Chap. XXII). Just how close a relation exists 
between such carbon dioxide fixation processes and the fixation which 
represents a first step in photosynthesis is not certain at the present time. 

Variant Mechanisms of Photosynthesis. —Although, as far as is known, 
the process of photosynthesis follows the same general course in all of 
the higher plants, somewhat different mechanisms occur in some species 
of the lower plant phyla. Investigations of van Niel (1941) and others 
have shown that in the photosynthesis of the anaerobic green and purple 
bacteria the reaction is similar to that occurring in the higher plants, 
except that substances other than water act as the hydrogen “donors.” 
For example, green sulfur bacteria, which contain the pigment bacterio- 
viridin, can use hydrogen sulfide as a source of hydrogen in photosyn¬ 
thesis, the overall reaction being: 

6 C0 2 + 12 HoS — C«H,sO b + 6 H 2 0 + 12 S 

The purple sulfur bacteria, containing the pigment bacteriochlorophyU, 
are metabolically more versatile. Not only can they photosynthetically 
accomplish a chemical transformation similar to the above, in which, 
however, oxidation is carried all the way to a sulfate, but they also can 
use many other compounds besides hydrogen sulfide as hydrogen donors. 
Still another group, the purple “non-sulfur” bacteria, use principally 
various organic compounds as reductants in photosynthesis, although a 
few species in this group can also oxidize sulfur compounds. No oxygen 
is released in these bacterial photosyntheses, further evidence that the 
oxygen released in ordinary photosynthesis comes from water. In this 
kind of photosynthesis light energy appears to be used mainly in activa¬ 
tion of the reactions rather than as a major source of the energy. Fur¬ 
thermore, the purple sulfur bacteria, at least, as a consequence of the 
absorption spectrum of bacteriochlorophyU, can accomplish photosyn¬ 
thesis in the infrared up to a wave length of about 900 mu, as well as in 
visible light. 

A discussion of photosynthesis is not complete without a brief con¬ 
sideration of the chemosynthetic bacteria. A number of species of color- 
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less, aerobic bacteria are known which synthesize carbohydrates using 
energy derived from oxidation reactions, rather than radiant energy. 
Among these are the nitrifying bacteria, Nitrosamona* and A itrobacter 
(Chap. XXVI) which oxidize ammonia to nitrite, and nitrite to m 
respectively; the nonpigmented sulfur bacteria such as Beggratoa which 
oxidize hydrogen sulfide to sulfates; the iron bacteria which oxidize 
roue hydroxide to ferric hydroxide, and others (Stephenson, 19 ■ 

Chemosynthetic and photosynthetic bacteria play an ■nslgnlficant part 
in the world’s production of carbohydrates as compared with green photo 
synthetic plants. Distribution of chemosynthetic bacteria is strictly hm 
ited to habitats in which the appropriate oxidation substra P 

Likewise, distribution of the photosynthetic bacteria is confined to hab^ 
itats in which the particular compounds which sen e as hy g 
occur. Many different hydrogen donors have apparen y ^ 

mented with in evolution’s laboratory in the development of the mech 
anism of photosynthesis. Eventually, however, ‘hat ^rsion^of^the 

mechanism in which hydrogen is taken from l s r nos ' j 

water—largely prevailed, and green photosynthetic plants are non 
most prominent type of living organism on the face of the earth. 

Investigations of the chemosynthetic and photosynthct c bacteria have 

been important, not only in elucidating the metabolism o 
but study of these variant, and presumably more P^™ t>ve 'nechan sms 
of carbohydrate synthesis in these simple plants has browned ns gh 
into the chemical machinery of the much more significant process 

photosynthesis in the green plants. nlmtrvsvnthesis 

Quantum Requirement.- The quantum requ.rement o pho 

i.e^ the number of quanta required for the reduction of each ™lccule of 
carbon dioxide, is an important consw era lon^m reqlliro( , in the syn- 
the mechanism of the process. If d ^ by thc number of 

ISn°it"?Lt(Tx 6 x A 

“ [r 27 ^ tO 10 b -“Xl X ThTaLolu“ iTnimum light requirement^of 
photosynthesis would therefore he 

dioxide reduced. However, since 4 hy.W '^ ^ procesS| and 

energy to move them from ", at " H app( . ar8 that the theoretical 

since a quantum is an in d‘ vlP ' ; , t ' 4 uanta pcr molecule of 

minimum requirement would actually be anoiu 1 

carbon dioxide reduced. wurhure seemed to indicate that only 

». .. »> .. .... 

tssz: rs? a ... —.—— 
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(Burk et cd., 1949). Such a quantum requirement would indicate an 
amazing efficiency of about 70 per cent for photosynthesis in converting 
absorbed radiant energy into chemical energy. Investigations of Manning 
et al. (1938), Emerson and Lewis (1941), Tanada (1951) and others 
indicate, on the other hand, that about 10 quanta are required per mole¬ 
cule of carbon dioxide reduced. Even this quantum requirement repre¬ 
sents an efficiency of about 25 per cent for the process. A similar quantum 
requirement has been found by French and Rabideau (1945) for the Hill 
reaction. It is obvious that the question of the quantum requirement of 
photosynthesis has not yet been settled with finality. 

A clear implication of the quantum requirement of photosynthesis is 
that the process must proceed as a series of steps with an energy utiliza¬ 
tion of one quantum per step. A unique feature of the process is that a 
high energy product is constructed by the successive introduction into 
the reaction sequence of smaller units of energy (quanta). Franck’s 
(1949) theory, in accord with this line of reasoning, proposes that there 
are eight intermediate steps in photosynthesis, each requiring one quan¬ 
tum for its activation. 

Induction Period .—As shown by McAlister (1937), Smith (1937), and 
others, when illumination of a plant starts, the rate of photosynthesis 
is at first low and gradually increases until it reaches the maximum value 
for the prevailing conditions. The length of this “induction period” is 
typically 1-3 min., but it may be shorter or longer, depending upon the 
species, its previous treatment, and the prevailing environmental condi¬ 
tions. The causes of such an initially low rate of photosynthesis are com¬ 
plex and are not the same under all conditions (Franck, 1951), but the 
existence of such induction periods must be reconciled with any postu¬ 
lated mechanisms of photosynthesis. 

Magnitude and Efficiency of Photosynthesis. —Because of its primary 
role in the biological economy of the earth, considerable interest attaches 
to the world magnitude of photosynthesis (Table 24) and the efficiency 
of the process. 

The figures in Table 24 ar© for net carbon accumulation, i.e., for photo¬ 
synthesis minus respiration. These data are in terms of organic carbon; 
the figures as given must be multiplied by a factor of 2.5 to give the 
equivalent values in terms of a hexose. It should perhaps be emphasized 
that estimates of the photosynthetic productivity of marine plants are 
necessarily much more approximate than those of land plants. Even bn 
the basis of the lowest limit of the estimate given in Table 24 it is clear, 
however, that aquatic organisms (largely diatoms) account for a larger 
proportion of the annual photosynthate than do terrestrial plants. 

Approximately 3 x 10 18 kg-cal. of radiant energy are converted into 
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hypothetical acre of com (10,000 plants) growing in north central Illinois 
and yielding 100 bu. per acre (average yield in the United States in 1946 
was 33 bu. per acre). The growing season is assumed to be 100 days. The 
magnitude of photosynthesis for such a field of com is shown in Table 25. 

The quantity of radiant energy falling on an acre of land surface in 
north central Illinois during the growing period of 100 days is known from 
measurements made at Madison, Wisconsin, not far from the region of 
north central Illinois. Using these data together with his own estimates 
of the total sugar synthesized by the com plants, Transeau was able to 
calculate the photosynthetic efficiency of com (Table 26). 

TABLE 26-EFFICIENCY OF PHOTOSYNTHESIS IN CORN (MAIZE). (DATA OF TRANSEAU, 

19 * 6 ) 


Energy required for synthesis of I kg. glucose. 3760 kg.-cal. 

Total energy utilized in photosynthesis by an acre of corn plants 

in manufacture of 8732 kg. glucose... 33 million kg.-cal. 

Total solar energy available on the acre during growing season. . . 2043 million kg.-c 
Per cent of available energy used by com plant in photosynthesis— 

i.e. its photosynthetic efficiency. 1.6 per cent 


Since, of the total carbohydrate synthesized, about one-fourth is con¬ 
sumed in respiration, the efficiency in terms of net photosynthesis is not 
1.6 per cent (Table 26) but 1.2 per cent. Of the net photosynthetic 
product only about one-third is present in the grain. The 100 bu. of corn 
harvested at the end of the growing season, therefore, represents only 
about 0.4 per cent of the radiant energy which /ell on the acre during 
that period. 

However, a com crop occupies the land for less than one-third of the 
year. The same is true for many other temperate zone crop plants. Very 
little of the incident radiant energy during the rest of the year is uti¬ 
lized in photosynthesis, even under suitable crop rotation systoms, since 
environmental conditions arc not very favorable to photosynthesis dur¬ 
ing most of the months that corn does not occupy the land. On an annual 
basis, therefore, the photosynthctic efficiency of this acre of com land was 
about 0.4-0.5 per cent. Such a value can only be attained on an acre of 
land on which a superior crop is raised. The annual photosynthetic effi¬ 
ciency of average temperate zone crop land is only about 0.1-0.2 per cent; 
computations indicate a similar efficiency in temperate zone forest lands 
(Daniels, 1950). In some warmer regions, where agriculture can be prac¬ 
ticed on a year-round basis, and in some tropical forest regions an av¬ 
erage annual photosynthctic efficiency of several times this value is 
probably attained. 
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DISCUSSION QUESTIONS 

i nf the disappearance of all animals 

1. What would be the effect upon p a disappearance of all plants? 

from the earth? The effect upon animate. ott the absence G f photosyn- 

2 . Ib it true that no life could exist on the ear 

thesis? . oiihmerged in water a slow infiltration of 

3. When leaves of some species are BUb g ^ but this does not 

the intercellular spaces occurs if they are wp» 
take place if they are kept in the light. Explain. 
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4. Masses of filamentous algae are often found floating near the surfaee of a 
pond after several days of clear weather, but the same algal masses are often 

submerged after a period of several cloudy days. Explain. 

5. What method would you recommend for measuring the rate of apparent 
photosynthesis of a bean plant growing in the field. Point out the possible sources 

of error in the method. . , . . , , - . .... « • 

6 . Since only a small percentage of the light incident on a leaf is utilized in 

photosynthesis, why cannot the light intensity be reduced to this value without 
retarding the rate of photosynthesis? 

7. A large culture tube, A, is filled with a dilute bicarbonate solution and stop¬ 
pered so that no air bubbles are entrapped within the tube. Tubes B and C are 
similarly prepared, except that a shoot of waterweed is also suspended in the 
solution in each tube. The volume of solution is the same m each tube. Tubes A 
and B are kept in the dark while tube C is exposed to strong illumination, all 
tubes being kept at the same temperature. At the end of one hour analysis shows 
the oxygen contents of the tubes to be: A, 0.250 ml. 2 ; B, 0.210 ml. 2 ; C, 0.625 
ml. 2 . Assuming the two shoots to be physiologically similar, calculate approxi¬ 
mate rates of respiration, apparent photosynthesis, and “true” photosynthesis 

per shoot. , 

8 . Assuming a light intensity of 1 g.-cal. per cm . 2 per min., calculate the photo¬ 
synthetic efficiency of a leaf in which hexose is synthesized at the rate of 10 mg. 
per dm . 2 per hr. 
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The Principle of Limiting lodh- 

of various conditions upon the rate of “ lues for ea ch factor 

tinguish among minimum, optimum an temperature upon 

in relation to photosynthesis. In evaluat.ng the effort ^ P ^ ^ # 

photosynthesis, for example, it was gener . . g occurrc d, an op- 

minimum temperature below whic no’ p l ° - dly> an d a maximum 

timum at which the process takes p ac ^ ’ int 0 f view, how- 

above which photosynthesis ceases. JJ° thc anoma i 0 us situation of 
ever, soon found themseWes co:“optimum” carbon dioxide concentration 

a fluctuating optimum. The P intcnsities than a t low ones, the 
was found to be greater at h g g - th the light intensity, and 

“optimum” temperature was found to vary b supplied with 

the “optimum” light intensity was different for plants^ 

water than for those which were ma ® Q f problem of the in- 

Thc first important step in the clar ^ uk * n whcn Blackman 

fluence of various factors upon p factor s.” This principle is 

(1905) enunciated the pnncip „j aw 0 f the minimum” (Chap, 

essentially an elaboration ol > “When a process is con- 

XXX) and was stated by its autho a fol cw . J thc rate of 

ditioned as to its rapidity by a number »J^~ factor » 

thc process is limited by the pace o presented in terms of the 

The explanation of this prme.ple can best^,^ ^ of 

illustration given by Blackman ( ^ uti p lze 5 m g. of carbon dioxide 

to be just great enough to permit a le t ^ dioxid(; can enter the 

per hour in photosynthesis. I y . n m itcd by the carbon dioxide 

leaf in an hour, the rate of pho s y n increased the rate of photosyn- 
factor. As the carbon dioxide supply is increased 
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thesis is also increased until 5 mg. of carbon dioxide enter the leaf per 
hour. Any further increase in the supply of carbon dioxide will have no 
influence upon the rate of photosynthesis, unless a sufficient concentra¬ 
tion is present to bring about retarding effects, because insufficient light 
energy is available to permit its utilization. Light has now become the 
limiting factor and further increase in the rate of photosynthesis can be 
brought about only by an increase in the intensity of light. These results 
are indicated graphically as A B C in Fig. 93. This theory assumes a 
progressive increase in the rate of the process with a quantitative increase 
in the limiting factor (in this example, carbon dioxide) until the point 
is reached at which some other factor becomes limiting (in this example, 
light intensity). At this point the increase stops abruptly (point B in 
Fig. 93), and the rate of photosynthesis becomes constant (B C of Fig. 
93). According to this concept, when the magnitude of photosynthesis 



Fia. 93. Diagram to illustrate Blackman’s interpretation of the principle of 

limiting factors. 

is limited by one of a set of factors, only a shift in that factor toward a 
condition more favorable for the process will result in an increase in the 
rate of photosynthesis. 

If the light intensity is sufficient to permit the leaf to utilize 10 mg. 
of carbon dioxide per hour, then the rate of photosynthesis will rise with 
increase in the carbon dioxide concentration to a value about twice as 
great as that at which the maximum rate of photosynthesis was attained 
at the lower light intensity. The results under these conditions can be 
indicated graphically by A D E (Fig. 93). 

Light and carbon dioxide are not the only factors which can be limit¬ 
ing in the photosynthetic process. Theoretically, as examples given later 
in the chapter will show, any of the factors which influence this process 
can, under certain conditions, become limiting. 
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Most subsequent workers (Harder, 1921, James, 1928, and othere) have 
been unable to accept the principle of limiting actors m quite the* «mpto 
form in which it was first proposed by Blackman. Most investigators 

have found that, when the rate of increase of photosynthesis is pitted 

along the ordinate with the quantitative variations in some one factor as 
the abscissa, the resulting curve is not found to show an abrupt t—m 
to the horizontal (points B and D, Fig. 93 > “ P° stu 

formulation of this principie but shows intern gra ^ within this 
position approximately parallel to . . . f * wo factors 

“\Sult in of‘photosynthesis^ 

theTat oi\tToShesris S in the chloroplasts of which there am 

millions in even a small leaf. Patently it is impossih'e that each a- c^ 

chloroplast will be subjected to exactly the sa,™cd to fight 
the same time. All of the chloroplasts are not cquaMjAs a 

neither are all of them equally well supplied wi photosynthesis 

factor approaches a limiting value it is qlli ‘ t e possible therefore 

in some chloroplasts sooner than in * • rhloronl-vds while carbon 

for light to be the limiting factor ^^-“^'“tlLoplasts. Sim- 
dioxide is simultaneously the hmrting ‘ factors influcncin g photosyn- 

liar comments apply to most of ure d in terms of entire 

thesis. Hence the rate of photosyn icms, < . factor affecting the 

organs, will exhibit only a grar ua c ^"& cfined regions i n curves such 

process are ^ morc factor s may he 

as those shown in Fig. 9b, in v. , , 

considered to act simultaneously as imi in . , limiting factors” 

It should be clearly understood magnitude 

as applied to phyaiologica proc ^ ^ in proportion to the 

which is Significant, but the The quantitatively smallest 

amounts actually required ir> J ^ ^ of thc pr0C css, since it may 

factor does not necessarily cond amounts of some other ma¬ 
ke necessary only in traces, w 1 be necessary. To 

tenal, or a greater intensity of son. other factor^ Qf and one 

illustrate, suppose that \se assume jf we suppose 

unit of c are necessary for the f^tK*of«e " e ^ 

that only five units of a arc aval . be j n absolute 

ass rsas;—s-=-—— 
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For this reason many authorities consider it to be more satisfactory to 
speak of the “relatively limiting factor,” “factor in relative minimum,” 
or “most significant factor,” rather than of the “limiting factor.” 

One other qualification of the theory of limiting factors not envisaged 
in the original Blackman formulation should also be mentioned. When 
present in a high enough intensity or concentration, as discussed later 
in this chapter, most of the factors influencing the rate of photosynthesis 
exert a depressing or inhibitory effect on the process. 

The modifications which have been imposed upon the original concept 
of limiting factors do not invalidate this principle as a good approxima¬ 
tion to the facts, nor do they destroy its value as a point of view from 
which to interpret the influence of various factors upon the rate of photo¬ 
synthesis. The significant fact is that the rate of the process, except in 
relatively narrow transition regions, is usually determined in the main by 
the least favorable factor, which may for convenience be spoken of either 
as the limiting factor or as the factor in relative minimum. 

The principle of limiting factors is applicable to all physiological proc¬ 
esses and will receive further evaluation in relation to growth phenomena 
in Chap. XXX. 

The Role of Carbon Dioxide.—All of the carbon dioxide used by green 
plants reaches the chloroplasts as dissolved carbon dioxide, carbonic acid, 
or one of the salts of the latter. In land plants the atmosphere is the only 
important source of carbon dioxide. Carbon dioxide released in respira¬ 
tion may be utilized in photosynthesis without leaving the plant, but 
under conditions favorable for photosynthesis this does not constitute a 
very large fraction of the total used. Submersed water plants use car¬ 
bonates and bicarbonates as well as dissolved carbon dioxide and carbonic 
acid as substrates of photosynthesis. 

The atmosphere is composed chiefly of two gases, nitrogen (about 78 
per cent) and oxygen (about 21 per cent), but also contains, in addition 
to a variable but never large amount of water-vapor, small quantities of 
other gases. One of its minor constituents, carbon dioxide, which con¬ 
stitutes on the average only about 0.03 per cent by volume of the atmos¬ 
phere, plays a role of the greatest significance in the biological world. As 
a result of the photosynthetic activity of green plants, the carbon dioxide 
from the air becomes chemically bound for periods of indefinite length 
in the organic molecules which are the basis of all life. In view of its 
important biological role, the proportion of carbon dioxide in the atmos¬ 
phere seems precariously small. The absolute amount present, however, 
is enormous. Estimates, necessarily veiy approximate, place the total 
quantity of carbon dioxide in the atmosphere at about 2 x 10 15 kg. Ac¬ 
cording to Schroeder (1919), the quantity of carbon dioxide used annually 
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in photosynthesis by land plants is about 6 X 10» kg. This is only about 
one-thirtieth the amount actually present in the atmosphere. 

1. Sources of the Atmospheric Carbon Dioxide .-While green plan s 
are continually removing carbon dioxide from the atmosphere othe 
processes are continually replenishing the atmospheric reservmr ..th th. 
gas. Carbon dioxide is continually being returned to the atmos P' ,erC * 
a product of the respiration of plants and animals. Plants are nore.m- 
portant producers of carbon dioxide than animals. Carbon dioxide is re¬ 
leased into the atmosphere as a result of the respiration of both green 
and non-green plants. The relatively great importance of thMatter_group 
of organisms as generators of this gas is not always aPPreo ^ ^ 
organic residues of plants and animals arc decomposed as a resu of the 
activities of bacteria and fungi. During such decay Prore-cs th carbon 
of these residues is mostly released in the form of carbon dioxide as a 
result of the metabolic activities of these organisms andI escapes mto 
the air. The evolution of carbon dioxide gas from soils . often^ 
siderable and is frequently referred to as soi nspira . irat ; on 
sents largely the respiration of microorganisms (see later). The P ‘ 
of the soil bacteria alone probably results m a c of carbon 

dioxide to the atmosphere than the respiration of al animals^ 

Carbon dioxide is also released into the at-nosphero q 
mineral springs, and in the combustion of coal, oil, ga-ohn , ^ 
other fuel materials, but the total annua incremcn 0 th 

is very small relative to the amount present combines 

other hand, the weathering of certain igne atmosphere, 

carbon dioxide and thus reduces the quantity of this g. ? thc 

Oceans are much more important rcseryo.rs■ of Orth’s sur- 

atmosphere. Thc oceans occupy near > fts mueh car bon in 

face and arc estimated to contain a > . dioxide in ocean 

forms available to plants as the a mosp ter • j 1 )io i og i ca l cycles 

waters is involved in a complex senes of, “nts consume carbon 
which have never been fully «-a uata . Marmc plant, 

dioxide in photosynthesis and rt ease ultimately, as with 

feed either upon marine plants or ot ier annin ^ photosynthesis, 

land animals, all of their food comes ro P j is released 

A part of the carbon in the food ^.ration. Aquatic 

into the water as ^ ’ f dcad piants and animals, releas- 

microorgamsins accomplish the y in thc f or m of carbon 

ing most of the carbon in these organ carb()n dioxide, car- 

dioxide. Complex equilibria be we quantities of carbonates are 

bonates, and bicarbonates also exis . , ^ f ghcI j 8 other marine 

tied up by certain marine animals in the tormauo. 



340 


FACTORS AFFECTING PHOTOSYNTHESIS 


animals precipitate large quantities of carbon dioxide in chemically com¬ 
bined form as the calcium carbonate of calcareous rocks. The conversion 
of bicarbonates into carbonates results in the release of carbonic acid and 
thus increases the available carbon dioxide content of the water. Even¬ 
tually such rocks (limestones, etc.) may be raised above sea level, and 
the carbon dioxide tied up in the form of carbonates again is released to 
the atmosphere or dissolved in running water during dissolution of the 
rock. 

Similar although not quite such complex cycles of carbon dioxide exist 
in the bodies of fresh water. 

There is also a constant exchange of carbon dioxide between the oceans 
and the atmosphere. In fact, on theoretical grounds, there is good reason 
to suppose that the carbon dioxide concentration of the atmosphere is 
more or less effectively maintained in dynamic equilibrium with that of 
the oceans. Carbon dioxide probably escapes from the oceans whenever 



Fio. 94. The carbon cycle. 
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its atmospheric concentration falls below the usual value, and dissolves 
in the oceans whenever a contrary shift in atmospheric carbon dioxide 
concentration occurs. The maintenance of such a large-^cale d\ namie 
equilibrium between the oceans and the atmosphere is probably the prin¬ 
cipal factor accounting for the constancy of the carbon dioxide concentra¬ 


tion of the atmosphere. . 

The cycle of carbon in nature is shown diagrammatic-ally m tig. 9 . 
2. The Entrance of Carbon Dioxide .—Although the bulk of the carbon 


dioxide entering the leaves of land 
plants undoubtedly passes in through 
the stomates, substantial amounts 
may diffuse directly into the epider¬ 
mal cells in some species. For exam¬ 
ple, a considerable proportion of the 
carbon dioxide used in photosynthesis 
in certain species which have stomates 
only in the lower epidermis, such as 
coleus, begonia, and avocado, passes 
into the leaves through the upper epi¬ 
dermis (Freeland, 1948). By the use 
of carbon dioxide made with the radio¬ 
active C 14 isotope, Dugger (1950) has 
also shown that this gas can pass into 
the leaves of coleus and hydrangea 



through their upper, unstoinated sur¬ 
faces (Fig. 95). 

All entrance of carbon dioxide, bi¬ 
carbonates, or carbonates into the 
leaves of submersed hydrophytes, oc¬ 
curs directly through the epidermis. 

The rate of entrance of carbon di¬ 
oxide through stomates is very con¬ 
siderable in proportion to the aggre¬ 
gate area of the stomatal pores. Under 


g. 95. Kadioautograph of a co- 
,s leaf a part of the upper (un- 
Dinatcd) surface of which has been 
posed to 1 per cent radioactive 
rbon dioxide. The white area, in 
Inch radioactive carbon is present, 
*s mostly below the area o! upper 
:,f surface to which the leaf cup 
as attached through which the air 
ream containing radioactive car¬ 
bon dioxide was passed. 


conditions favorable for photosynthe- . . . , .;«■. p 

His Brown and Escoinbe (1900. found that carbon dioxide would diffuse 

into a catalpa leaf from the atmosphere at the rate of 0.07 ce per cm. of 
leaf surface per hour. Since the sto,nates m tins leaf occupy on y 0.9 per 
cent of the surface, diffusion of carhon dioxide gas through them took 
place at a rate of 7.77 cc. per cm.’ of stomatal aperture per - (l e 
assumption was made that all carhon dioxide entered through the sto¬ 
mates.) Under the same conditions a normal solution of sodium hydroxide 
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absorbs from the atmosphere, even in rapidly moving air, only 0.177 cc. 
of carbon dioxide per cm. 2 per hour. In other words, carbon dioxide gas 
diffuses through the stomates at a rate approximately fifty times as fast 
as it diffuses into an efficient absorbing surface. 

The extremely rapid rate of diffusion of carbon dioxide gas through the 
stomates can be interpreted in the light of principles of diffusion of gases 
through small openings. Table 27, condensed from the work of Brown and 
Escombe, indicates that these same principles hold, in general, for carbon 
dioxide as well as water-vapor (Chap. X). 


TABLE 27 -DIFFUSION OF CARBON DIOXIDE THROUCH MULTI PERFORATE SEPTA. PORES 

O.380 MM. IN DIAMETER; SEPTA I CM. FROM SODIUM HYDROXIDE SOLUTION (DATA OF 

BROWN AND ESCOMBE, 190c) 


Sep¬ 

tum 

Area of 
tube, cm. 1 

Distance 
apart of 
pores in 
diameters 

Diffusion 
COi through 
septum, 
cc. per hour 

Diffusion 
COj through 
open tube, 
cc. per hour 

Per cent of 
septum area 
occupied by 
pores 

Diffusion 
through pores 
as per cent 
of diffusion 
through 
open tube 

i 

9-347 

2-63 ; 

o -433 

0.771 

11 - 34 

56.1 

2 

9.186 

5.26 

0.401 

0-775 

2.82 

51 

3 

9.456 

7.80 

0.312 

0.768 

1.25 

40.6 

4 

9.5U 

10.52 

0.24I 

0.767 

0.70 

31-4 

5 

9.186 

13.10 

0.156 

0.744 

0.45 

20.9 

6 

9-347 

* 5 - 7 ° 

0.106 

0.740 

0.31 

14.0 


The most important principle illustrated, that the rate of diffusion does 
not decrease proportionately with reduction in the aggregate area of pores, 
is shown in the last two columns. For septum 4 (pores 10.52 diameters 
apart), for example, the diffusion is 31.4 per cent of that from the open 
tube, although only 0.70 per cent of the septum surface is occupied by 
the apertures. 

3. Effects of Variations in the Atmospheric Concentration of Carbon 
Dioxide upon the Rate of Photosynthesis. —Although the average carbon 
dioxide content of the atmosphere is 0.03 per cent, the actual range in 
plant habitats is from about half to several times this value. Lower than 
average values are not infrequent in relatively quiet air in zones in which 
high rates of photosynthesis prevail. In a field of corn, for example, the 
carbon dioxide content of the air surrounding the plants may become 
measurably less than the average atmospheric value during daylight 
hours whenever high rates of photosynthesis occur. Similarly, in the at¬ 
mosphere on the level with the crowns of trees in a dense forest the carbon 
dioxide content is sometimes considerably less than the average atmos- 
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pheric value during hours when rapid photosynthesis is in progress. In a 
tightly closed greenhouse the carbon dioxide content of the air may de¬ 
crease materially during the course of a bright day. 

Investigations of Lundegardh (1931) and others indicate that a con¬ 
siderable part of the carbon dioxide utilized by plants in many habitats 
is released locally as a result of “soil respiration,” i.e., in the respiration 
of soil microorganisms. Such a release of carbon dioxide is especially 
pronounced in well-fertilized soils, soils rich in organic matter, an. in 
many forest soils. “Soil respiration,” when marked, may result in a local 
enrichment of the carbon dioxide concentration in the air stratum close 
to the surface of the ground. Such a rise in carbon dioxide content s 
greatest during the night hours when the offsetting effect o photos} nthes.s 
in low-growing plants is absent. On a well-fertilized field the format on 
of carbon dioxide as a result of "soil respiration during a 24-hr pcriod 
may equal or exceed the consumption in photosynthesis during the da> - 

The'Tbon dioxide content of the air is also influenced by fogs and 
mists. The quantity present per unit volume of air ,s measurably higher 

on foggy mornings than on clear mornings, g/^contrasted with a 

rsss ■» 1 '^tSs d 

' Although it is customary to express atmosphen concent a ons of 

carbon dioxide as percentage by volume such units are validI only when 
all of the concentrations to be compared are at yrox matcly the^same 

atmospheric pressure. The rate of ^'“directly as the total at- 

is a function of its partial pressure n\1i i n dioxide in 

mospherie and, for example, 

atVn :Zd7of b 1 5,000 feet, its 

level the partial pressure of this gas it* therefore the 

altitude, about 0.13 mm. Hg. In terms of fundamental uni s there om 

•r-vs-'r is-ssiiiV 

synthetic ratTor development of plants at different altitudes is being 

compared (Decker, 1947). ,, increase in the 

In general, at least over relatively ahort P^. , g ^ incrcase the 

concentration of atmospheric carbon 1 ’ t commo nly light, 

rate of photosynthesis until some othe rt ., ation of carl)0 „ 
becomes limiting. The results of an exp arc shown in Fig 96 

dioxide concentration to the rate of pm “ y ; d on i y 

in which, it should be noted, the highest light intensity u 

about 10 per cent of noonday summer sunlight. 
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If no other factor is limiting, the rate of photosynthesis rises in most 
species, at least for a while, with increase in the carbon dioxide con¬ 
centration up to, at a minimum, 15-20 times the usual atmospheric con¬ 
centration. Relatively high concentrations of carbon dioxide, in general, 
retard photosynthesis. The concentration at which such depressant effects 
are initiated varies with the kind of plant, stage of development of the 
photosynthetic tissue, length of exposure to carbon dioxide, and other 
prevailing environmental conditions. In the leaves of Hydrangea otaksa. 
for example, the rate of photosynthesis, although considerably retarded, 



Fig. 90. Relation between different carbon dioxide concentrations and rate of 
photosynthesis in wheat at three different light intensities. Data of Hoover et al . 

(1933). 

is not entirely inhibited in short time experiments at concentrations as 
great as 20 per cent carbon dioxide (Livingston and Franck, 1946). 

Under natural conditions during summer months in moist, temperate 
regions the carbon dioxide concentration of the atmosphere is most fre¬ 
quently the limiting factor in photosynthesis for all photosynthetic tissues 
which are well exposed to light. There seems to be little doubt that in¬ 
crease in the atmospheric concentration of this gas to at least several 
times its average value of 0.03 per cent has a continuously favorable 
effect on photosynthesis, as long as no other factors are limiting. There 
is evidence, however, that only slightly higher concentrations of carbon 
dioxide which favor enhanced photosynthesis over periods of a few hours 
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Any source of radiant energy 
which includes wave lengths 
within the range of the visible 
spectrum will induce photosyn¬ 
thesis, provided its intensity is 
sufficiently great. Although a 
few of the longer wave lengths 
of ultraviolet apparently arc ef¬ 
fective in photosynthesis, and 
some of the shorter wave lengths 
of infrared can be used by sul¬ 
fur bacteria, in general this 
process can occur only in the 
visible part of the spectrum. 
Under natural conditions sun¬ 
light, either direct or reflected 
from the sky or other objects, 
is the only source of radiant 
energy including wave lengths 
which can be used in photosyn¬ 
thesis. Photosynthesis will occur 
under electric lights or other 
artificial sources of illumination 
if of sufficient intensity. Such 
light sources are often used in 
experimental work on photosyn¬ 
thesis and to some extent in 
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The Ovtical Properties of Leaves. 


irradiance), 
factor upon 
Before the 
however, it 
leaves and 

which falls 



346 


FACTORS AFFECTING PHOTOSYNTHESIS 


on leaves, as with radiant energy generally, a part is reflected, a part is 
transmitted through the leaf, and a part is absorbed by the leaf. 

The proportion of the visible light incident upon a leaf which is ab¬ 
sorbed varies considerably according to the kind of leaf and the intensity 
of light, but it is frequently in the neighborhood of 80 per cent (Seybold, 
1932) and probably often higher. A clear distinction should be drawn 
between the proportion of visible light absorbed by a leaf and the pro¬ 
portion of the total incident radiant energy absorbed, the latter being in 
the neighborhood of 50 per cent for many kinds of leaves (Chap. IX). 



Fig. 98. Relation between different light intensities and rate of photosynthesis 
of wheat plants at three different carbon dioxide concentrations. Data of Hoover 

et al. (1933) 

For any given kind of leaf the proportions of incident light reflected, 
transmitted, and absorbed vary considerably according to wave length 
(Fig. 97). In general a larger proportion of the incident light is absorbed 
by thick than by thin leaves. For normally green leaves maximum reflec¬ 
tion in the range of visible light occurs in the extreme long red with a 
secondary, but less pronounced, maximum in the green. Conversely, max¬ 
imum absorption is in the blue-violet and orange-short red regions, cor¬ 
responding approximately with the prominent absorption bands of the 
chlorophylls. Reflection of infrared by leaves is about 50-60 per cent in 
the wave length range of 760-1100 mjA (Billings and Morris, 1951). 

2. Effects of Variations in the Intensity of Light upon the Rate of 
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Photosynthesis. —In general, with increase in light intensity there is a 
increase in the rate of photosynthesis until some other factor in this ex¬ 
ample, the carbon dioxide concentration, becomes limiting F'g. 98K 
relatively low light intensities, as long as carbon dioxide ,s not the limit 
ing factor the fate of photosynthesis is approximately proportional to 
thf light intensity. For the maximum concentration of carbon dioxide in¬ 
dicated in Fig 98 (0.11 per cent), the maximum light intensity used was 
not great enough for the carbon dioxide factor to have become limiting. 

It should also be noted that the maximum light intensity employed 

1000 °foot-candles—is much inferior in intensity to -l = 
light, which at noon on a clear day usually is equivalent to 8,000 10,000 

^°Atfisual Atmospheric carbon dioxide concentrations." 
aynthetic rates are attained when leaves are exposedto light 
considerably less than the maximum sunlight intens y. W ^ 

for example, peak photosynthetic rates are reached at '^t ^ensit cs 
one-fourth to one-third full sunlight (Hein.cke and »<-■ 937) 

Similarly in maize leaves maximum rates are attained otaboutone fou. ^ 

natural conditions are reached at light intensities no higher than 

foot-candles (Lundegardh, 1931). ... , on i v when a 

Results such as those discussed above™!! ^ one 

single leaf or a small plant ,n W 1 ^ ental mater ial. When the effect 
part by another, ib used as the exp f &n entirc trcc> | 10 w- 

of light on photosynthesis is c ons^e^ n _ cke ^ childers (19 37, showed 
ever, a different relation holds. Thu increased pro- 

that the rate of photosynthesis for an entire aPP that of ful| sun . 
gressivcly with increase in light in ensi y u ; terior i eaV es on a large 
light. This is undoubtedly because many °>* . ratca 0 f photo¬ 

tree are heavily shaded. Althoug , m ge > ( babIy flll) spc cies at 

synthesis arc attained in the eave _ sunlight, these investiga- 

light intensities considerably below t\ a of ^ ^ ^ as 

tors showed that many of the in > d b peripheral leaves, 

little as 1 per cent or less of the sunlight y 1 > trce ()o 

Even in full sunlight, therefore, many of th « * aV “ °" V. ,• ht in . 
eragerate oA photosynthesis per unit of leaf area. The total photosynthesis 
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per tree, therefore, increases progressively with increased illumination 
up to or at least close to the maximum possible sunlight intensity. 

Internal shading effects on the rate of photosynthesis have been demon¬ 
strated experimentally for such diverse plants as the loblolly pine (Pinus 
taeda) by Kramer and Clark (1947) and the hornwort (Ceratophyllum 
demersum )—a submersed aquatic—by Meyer (1939) and doubtless occur 
in many other kinds of plants with densely arranged foliage. Similar 
effects exist in compact stands of plants such as fields of some crop species. 
Mutual shading of the plants in plots of alfalfa is sufficiently marked so 
that the photosynthetic rate of such plots considered as a unit is highest 
at peak light intensities, or at intensities close thereto, as in an apple tree 
(Thomas and Hill, 1937). In fields of maize, on the other hand, the plants 
apparently do not shade each other sufficiently to have any appreciable 
effect on the aggregate rate of photosynthesis on bright days (Verduin and 
Loomis, 1944) 

The intensity of the sunlight incident on the earth’s surface varies from 
hour to hour and from season to season, as well as with meteorological 
conditions. Clouds, fogs, dust, and atmospheric humidity, all influence the 
intensity of the radiation which reaches the surface of the earth. The 
exposure and pitcli of a slope are also factors influencing the intensity of 
the light impinging upon a given location, and are particularly of im¬ 
portance in hilly or mountainous country. Other conditions being equal 
the intensity of sunlight also increases with increase in altitude. In aquatic 
habitats light intensity decreases with depth below the surface of the 
water. Most variations in the intensity of natural light are accompanied 
by variations in light quality of greater or lesser magnitude. Usually, 
however, under out-oLdoors conditions, variations in the intensity com¬ 
ponent of light are of greater physiological influence than the accompany¬ 
ing variations in the quality component. 

Ecologically one of the most important factors causing different species 
of plants to be exposed to differences in light intensity is the effect of 
taller plants in shading those of lesser stature. Some species thrive and 
photosynthesizc efficiently only in fully exposed locations; others can com¬ 
plete their normal life cycle in intensely shaded habitats. 

Even under a tree with a rather open crown the light intensity is only 
one-tenth to one-twentieth that of full sunlight. Hence light is usually 
the limiting factor for photosynthesis in most species of plants when grow¬ 
ing in the shade of trees. Species which normally grow in deep shade are 
often exceptions to this statement. On cloudy days light is also usually 
the limiting faetor in photosynthesis. Because of the prevalence of cloudy 
weather in many regions during the winter, plants under glass often 
photosynthesize at very low rates during those months. The short length 
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of the daylight period also contributes to low daily rates of photosynthesis 
during the winter season. 

A number of studies have been made of the minimum light intensities 
at which various species of plants are just barely able to survive. Unless 
foods have previously accumulated, the minimum light intensity at which 
a plant will remain alive for indefinite periods during its normally active 
seasons must permit sufficient photosynthesis to compensate for both day 
and night respiration, and in 
all probability must also allow 
for some assimilation (Chap. 

XXIX). 

Bates and Roeser (1928) 
studied the effects of low light 
intensities upon the growth of 
a number of species of ever¬ 
greens native to the western 
United States. The seedlings 
were exposed to a 200 watt, 
blue tungsten lamp for 10 hours 
a day. Differences in light in¬ 
tensity were obtained by grow¬ 
ing the seedlings at different 
distances from the source of il¬ 
lumination. Their results (Fig. 

99) show that redwood seed¬ 
lings were able to maintain 
their initial dry weight in a 
light intensity less than 1 per 
cent of full sunlight, while pi- 
non pine required about 6 per 
cent, and the other three species 
were intermediate in their requirements. 

Extremely high light intensities exert an inhibitory effect on photo¬ 
synthesis, a phenomenon called solarization. Holman (1930) showed tha 
bean leaves exposed to an illumination of 6800 foot-candles accumulated 
starch readily, but that little starch was synthesized at twice this illumi¬ 
nation value. This effect is exerted upon the photosynthetic mechanism 

itself and not on the process of starch synthesis. 

Solarization effects appear to result principally, and probably entirely, 
from the phenomenon of photo-oxidation, in which leaves consume oxygen 
in the light, and use it in the oxidation of certain cell constituents, carbon 
dioxide being released in the process. The data shown graphically in Fig. 
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100 illustrate the occurrence of photo-oxidation in Chlorella, but the exist¬ 
ence of this phenomenon has also been demonstrated in other species. At 
lower light intensities a steady or nearly steady rate of photosynthesis is 
maintained by Chlorella but the higher the light intensity above 4000 
foot-candles the more markedly the rate falls off with time. At 27,700 
foot-candles, the highest intensity used, oxygen consumption (photo-oxi¬ 
dation) sets in almost immediately. 

Photo-oxidation should not be confused with ordinary respiration as it 
is an entirely different process. It operates through at least a part of the 
photosynthetic mechanism and may occur at a rate three or four times 
greater than respiration. In a sense photo-oxidation may be regarded as a 
variant of photosynthesis in which oxygen is used as the substrate instead 
of carbon dioxide. Oxygen consumption at high light intensities results 
not merely from a superimposing of photo-oxidation upon photosynthesis 
but at least partly from an inactivation of the latter process by the former. 

Short periods of photo-oxidation are usually not harmful to leaves or 
other photosynthetic organs, but continuation of this process for more 
than a few hours commonly results in decolorization of chlorophylls and 

ultimately in death of the cells in which it is occurring. 

Light may exert indirect as well as direct effects upon photosynthesis. 
Low light intensities favor stomatal closure and hence may sometimes 
check photosynthesis by restricting the entrance of carbon dioxide as well 
as by acting as a direct limiting factor. Similarly high light intensities 
often cause increased rates of transpiration. Indirectly this causes a re¬ 
duced water content of the leaf cells, which may in turn cause a dimin- 


Fia. 101. 



Relative rutes of photosynthesis of wheat in different wave lengths 
of light of equal intensity. Data of Hoover (1937). 
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ished rate of photosynthesis. A high light intensity also has the usual effect 
of raising leaf temperatures somewhat above the prevailing temperatures 
of the surrounding atmosphere and may thus influence photosynthesis in¬ 
directly by its effect on thermal conditions within leaves. Very high light 
intensities also have a destructive effect upon chlorophyll and other cell 
constituents as mentioned in the preceding paragraph. 

3. Effects of Different Light Qualities upon Photosynthesis .—Hoover 
(1937) investigated the effect of different wave lengths of radiation upon 
the rate of photosynthesis of wheat plants (Fig. 101). By the use of suit¬ 
able filters he was able to irradiate the plants with narrow spectral bands. 
All measurements were made with equal but low intensities of radiation 
incident upon the plants and under such conditions that no other factor 
was limiting for photosynthesis. The results of his investigation indicate 
the occurrence of maximum photosynthesis at a wave length of 655 my. 
in the red, and a secondary maximum of 440 my. in the blue. It is worthy 
of note that this curve does not show a very close agreement with the 
absorption spectrum of chlorophyll (Fig. 89). 

The results of all investigators on the relation between light quality and 
photosynthesis do not agree with those just described. Gabrielsen (1948), 
for example, found in several species, including wheat, that the highest 
rates of photosynthesis occurred in orange-red light, the next highest in 
green-yellow light, and the lowest in violet-blue light. With Ulva lactuca 
(a marine alga), however, results were obtained similar to those of Hoover 
for wheat. 

It is not certain whether the differences in the effect of light quality on 
photosynthesis from one species to another which appear to exist are real 
or not. It is possible that the relation between light quality and photo¬ 
synthesis is not the same in all kinds of plants, and may even be different 
in two plants of the same species which have developed under different 
conditions. On the other hand, the technical difficulties in this type of 
experimentation are considerable, and it is not clear just how much of 
the available data has been obtained under sufficiently critical conditions. 
It is also possible, therefore, that the diverse results which have been 
recorded are more apparent than real, and are largely the outcome of the 
different experimental techniques which have been used. 

There are a number of conditions under which plants growing in their 
natural habitats are exposed more or less continuously to light of a dif¬ 
ferent quality from that of full sunlight at the earth’s surface. On cloudy 
days, for example, the intensity of light is not only less than on clear days, 
but it is proportionately richer in blue and green wave lengths. 

Light which has been filtered through the crown of a tree is usually 
proportionately richer in green rays than direct sunlight because of the 
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greater proportionate absorption by leaves in the red and blue portions of 
the spectrum. This effect upon light quality is most marked in hardwood 
forests in which the tree crowns form an almost continuous canopy. The 
herbs, shrubs, and smaller trees growing in such forests are subjected to 
light which is not only of much lower intensity than full sunlight, but is 
also different in quality from the light impinging upon the forest canopy. 

In habitats of submerged aquatics both the intensity and quality of the 
light are usually very different from the intensity and quality of the 
sunlight at the earth’s surface. Pure water absorbs radiations in the red- 
orange portion of the spectrum much more effectively than in the blue- 
green region. While the absorption coefficients of natural waters for vari¬ 
ous wave lengths of light vary somewhat, depending upon the substances 
dissolved or dispersed in the water, in general shorter wave lengths pene¬ 
trate to greater depths than longer wave lengths Hence with increasing 
depth in either fresh or ocean water not only is the intensity of the g 
reduced, but its quality is greatly modified. Aquatic plants growing at a 
depth of 20 meters, for example, will be expose,1 to light proportmnately 
much richer in blue-green rays, although of lower intensity, than those 

Alpine plants are also exposed to light of different composition than 
species at lower altitudes. The atmosphere absorbs the shorter wave 
lengths of the sun's radiation more effectively than the longer ones Be¬ 
cause of the shorter column of atmosphere through which itpasses, sun¬ 
light at high altitudes is therefore not only more intense to t o" 
elevations, but is also relatively richer ,n the shorter wave lengths of 

visible radiation and the ultraviolet. , . T 

4. Effects of Duration of the light Pt no,l upon Photo °^"°-' n 

general a plant will accomplish more photosynthesis 11 , the course o a 
day if exposed to illumination of favorable intensity for ten or twelve 

hours than if suitable light conditions prevail for only four or 
In arctic regions photosynthesis may occur continuously throughout the 
24-hr. day of the summer months (Muller. !« 28 ,. although the rate may 
vary cyclically throughout the day. A considerable capacity far t™ 
tained photosynthesis under continuous ight is indua < cnntinuou8 

Bohning (19491. Leaves on young apple trees, expose' 
illumination of about .1200 foot-candles at 26V. am 1 te -ua * ™*• 
phene concentration of carbon dioxide, were shown to photosynthes.se 

an undiminished rate for periods of at least.18 'lays. 

Temperoture Effects on Photosynthesis. The measurement of the effect 
of temperature upon photosynthesis in terrestrial plants '« ™mpbeatcd 
by the fact that the leaf temperatures of such plants are ^ldom the same 
as atmospheric temperatures. Whenever leaves are exposed to direct 
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mination, which is almost invariably the situation when photosynthesis is 
occurring at a rapid rate, their temperatures exceed those of the sur¬ 
rounding atmosphere. It is difficult, therefore, if not impossible, to main¬ 
tain the temperature of the leaves of land plants at a desired value while 
they are exposed to light of any considerable intensity. Evaluation of the 
effect of the temperature of leaves upon photosynthesis is possible only 
if the actual leaf temperature is measured. For this reason many of the 
more critical studies of the effect of temperature upon photosynthesis have 
been made with submerged water plants, in which a close thermal equilib¬ 
rium is maintained between the plant body and the surrounding water. 

1. Temverature Limits of Photosynthesis .—Photosynthesis can take 
place over a wide range of temperatures. It has been reported to occur in 
some species of conifers at temperatures as low as —35°C. and in some 
kinds of lichens at — 20 e> C. Freeland (1944) has shown that the photo- 
synthetic rate may exceed the rate of respiration in several species of 
conifers at temperatures as low as —6°C. Tropical plants cannot carry 
on photosynthesis at temperatures as low as those at which many tem¬ 
perate zone plants do. In most tropical species photosynthesis apparently 
will not occur at temperatures below about 5°C. At the other end of the 
temperature range for photosynthesis stand the species of algae indigenous 
to hot springs which can survive 75°C. and probably carry on photosyn¬ 
thesis at temperatures close to this value. Many semi-desert and tropical 
jpccies can withstand air temperatures of 55°C. and probably photosyn- 
thesize at temperatures not far below this. In most plants of temperate 
regions the range of temperatures within which photosynthesis occurs at 
a relatively rapid late is about 10°-35°C. 

2. The Effect of Temperature on the Rate of Photosynthesis.—If nei¬ 
ther carbon dioxide, nor light, nor any other factor is limiting, the rate 
of photosynthesis increases with rise in temperature up to a point which 
varies somewhat from one kind of a plant to another. Further increase in 
temperature results in a rapid decline in the rate of photosynthesis, re¬ 
sulting primarily from injurious effects of higher temperatures on the 
protoplasm. Furthermore, as first clearly shown by Matthaei (1905) for 
cherry laurel (Prunus laurocerasus) but since confirmed by other investi¬ 
gators for other species (Fig. 102), the rate of photosynthesis at all higher 
temperatures decreases with time. The higher the temperature the sooner 
tliis decline in rate sets in, and the more rapidly that it occurs. In the 
cherry laurel, for example, the rate of photosynthesis is essentially con¬ 
stant for a number of hours at temperatures of 23.7°C. and lower. At 
30.5°C„ however, the rate Is measurably less after several hours than at 
the beginning of the photosvnthetic period. At 37.5°C., at which the high¬ 
est initial photosynthetic rate is attained, the rate falls off still more 
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rapidly, and within a few hours is markedly less than initially. Under 
such conditions, within a favorable temperature range (about 10 -35 U), 

the temperature coefficient of photosynthesis is about two. 

The diminution in the rate of photosynthesis with time, particularly 
marked at higher temperatures, is evidence of the increasingly limiting 
effect of some internal factor, generally called the time factor. The 
exact nature of this time factor is unknown, and it is possible that it may 
represent the composite influence of several internal condition* One o 
the more probable mechanisms of this effect is that of an inactivation of 



Flo. 102. Relative rates of apparent pno.osym.w~. . - - 

canadenm) at different temperatures over a period of M minute 

enzymes at higher temperatures. The temperature relations of enzymatic 
reactions^Chap. XVI,'are similar to those of the photosynthetic rcac on 
a fact which supports this view. Other possible components of the tim 
factor Ire the destructive effects of relatively high temperatures upon 
other constituents of the protoplasm than enzymes, the accumu at.on of 

the end products of the reaction which may exert a ret “ “* " 

rate of photosynthesis (sec later), or failure of the diffusion ocarbon 
dioxide toward the chloroplasts to keep pace with its use m photosyn 
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thesis, even though the external supply is not limiting. As discussed in 
later chapters, similar time factor effects are present in the temperature 
relations of other plant processes, such as respiration and growth. 

It should be emphasized again that the relation between photosynthesis 
and temperature described above holds only when no other environmental 
factor is limiting. Such experiments on the overall temperature character¬ 
istics of the process must therefore be conducted with the plants exposed 
to an atmosphere in which the carbon dioxide concentration is consider¬ 
ably higher than the usual atmospheric concentration of 0.03 per cent. 

In nature the maximum rate of photosynthesis which might be achieved 
under the prevailing temperature is often not realized because of the limit¬ 
ing effect of some other factor. Temperature, within the ordinary physio¬ 
logical range for plants, has little effect on the rate of photosynthesis of 
plants growing in deep shade or of plants exposed to the low light in¬ 
tensities of cloudy days. Under such conditions light is the limiting factor. 

Similarly, on warm days, well-watered plants exposed to bright light 
often do not photosynthesize at the maximum rate possible under the 
prevailing temperature because carbon dioxide at atmospheric concentra¬ 
tion is the limiting factor. Thomas and Hill (1949), for example, found 
that temperature had very little influence on the rate of photosynthesis of 
alfalfa under field conditions within a range of 16.4° to 29°C. In other 
words the temperature coefficient of the process under such conditions is 
approximately one. 

The Role of Water in Photosynthesis. —Less than 1 per cent of the 
water absorbed by a plant is used in photosynthesis. It therefore seems 
probable that the indirect effects of the water factor upon photosynthesis 
are more pronounced than its direct effect. In other words, deficiency of 
water as a raw material is rarely if ever a limiting factor in photosyn¬ 
thesis. Nevertheless a reduction in the water content of leaves usually 
results in a decrease in the rate of photosynthesis as is illustrated by the 
results of Schneider and Childers (1941). These investigators studied the 
effects of withholding water upon the rate of apparent photosynthesis in 
apple trees. When the soil was allowed to dry out gradually, starting from 
the field capacity, reduction in the rate of apparent photosynthesis (and 
transpiration) became evident within a few days at an air temperature of 
2f).7°C. and was pronounced before visible wilting took place. When the 
soil water content had fallen to the permanent wilting percentage, and 
the leaves were distinctly wilted, apparent photosynthesis was 87 per 
cent less than the initial rate. Upon watering the soil the leaves regained 
turgidity within a few hours, but the original rates of apparent photo¬ 
synthesis were not reattained until 2-7 days had passed. An important 
implication of this last observation is that the retarding effects of drought 
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on photosynthesis linger for some time after water has again become 

available in the soil. , 

Submersion of roots also has a pronounced retarding effect on appare 

photosynthesis (and transpiration) in apple (didders and White,1942, 
usually becoming evident within 2-7 days after flooding the soil «.tl 
water With continued water-logging of the soil around the roots, rates of 
apparent photosynthesis often become unmeasurable. Tins effect .» do 
less largely the result of a retardation in water absorption (t hap. XI) 

The influence of a reduction in the water content of leaves upon the rate 
of photosynthesis probably results from either or both of t o P r c 'd 
causes: (It a reduction in the diffusive capacity of the soma e am 2 
a decrease in the hydration of the chloroplasts and other parts of 
protoplasm 'which in some manner diminishes the effectiveness of the 

photosvnthetic mechanism. a... 

Decrease in the water content of leaves unques .onably ea -a reduc¬ 
tion in the diffusive capacity of the stomates. Mitchell (193b and o hers 
have observed, however, that in some plants relatively high rates of photo¬ 
synthesis may prevail at times when the stomates nppea o 1* cteui 
There are several possible explanations for this apparently anomalous 
obse" at on One is that stomates which appear closed to m^e ob¬ 
servations are not entirely closed to the passage of 

reservoired carbon dioxide (Chap. XVIIII 'v>< an the leaf cells may 1 
used in photosynthesis while the stomates arc closed or nearly so A third 
U considerable amounts of carbon dioxide may enter the leaves of 

tte decreased hydrati™ of the 
protoplasm which ourescDU fiv Trom 'cj-rimnds wit" water 

SI ffiti.* - ,-sttr 

of photosynthesis of immersing )dants ol wat. ru i 

. . of various concentrations. 1 lie greater tnc con 

*») in Bucrose solutions ol a thc ilirv r u \\ty of the cells, the 

centration of the sucrose sohiti , h t of photosynthesis, 

less thc hydration of protoplasm and thc slower the au oI y 

t r ..tc of photosynthesis was appreciably retarded 

In one experiment the ra c of > so , ution am , almost entirely 

by immersion * ^ oI BUcr0 se with an osmotic press. of 

Si” Plasmolysis'of the cells occurred at 

of between 0 3 and 0.4 molal. The rate of respiration, on the .. In hand, 
was practically unaffected by sucrose solutions at any concentration up 
to and including 1.0 molal. Since the waterweed is a submerged aquatic 
with thin leave! which bear no stomates, any reduction m tbe rate of 
photosynthesis resulting from a diminution in cell turgor most likely re- 
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suits from direct effects upon the hydration of the protoplasm of the 
photosynthesizing cells. 

In general, it appears that the rate of photosynthesis is less affected by 
reduction in leaf water content than the rate of transpiration. This is 
indicated by the results of Heinicke and Childers (1936) who determined 
the average rates of photosynthesis and transpiration over a one-week 
period in two apple trees, one of which was well watered while the other 
was growing in soil which was gradually drying out. The rate of photo¬ 
synthesis of the plant in the dry soil was about half as great as in the 
plant which was watered. The rate of transpiration, however, was only 
about one-fourth as great in the former plant as in the latter. 

Effect of Oxygen Concentration on Photosynthesis.— The photosynthetic 
organs of terrestrial plants are seldom exposed to oxygen concentrations 
which deviate appreciably from the usual atmospheric concentration of 
about 21 per cent. Hence studies of the effect of oxygen concentration on 



Fig. 103. Comparative rates of photosynthesis in wheat at low and high oxygen 
concentrations under different light intensities. (10 X 10 4 ergs per see. = 0.143 
g.-eal. per cm. 2 per min.) Data of McAlister and Myers ( 1040). 
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the rate of photosynthesis are principally of theoretical ,ntcrcs *- In a ‘ 
least some, and probably all, plants, increase in the oxygen concentratio 
results in a decrease in the rate of photosynthesis, and the normal atmos 
pherie concentration is sufficiently high to induce a slower Photosynth 
rate than obtains at lower oxygen concentrations. For example McAUste 
and Myers (1940) showed that the rate of photosynthesis in young.when 

plants was about 30-50 per cent higher in 0 5 per cent oxygen th.« 
per cent oxygen at a high light intensity and atmospheric carbon dioxide 
concentration (Fig. 1031. This effect of oxygen is not merely a decrease in 

apparent photosynthesis 1 ’ CSaltl " g f ™™ “ tb " 'process of photosynthesis 
Ter Z of photo-oxidation offsetting photosyn¬ 

thesis,'because the magnitude of the retardation in; P b °‘^"^ 

relatively high concentrations of oxygen is oo gr • oxygen 

in this way. The only satisfactory explanation appe rs o be that oxygen 

actually exerts a direct inhibitory effect on photosynthesis, and grea 
the concentration of oxygen the greater this- < . . vj. mv c jif_ 

Effects of Certain Chemical Compounds on ''“tn liv olanTce 11s have 
ferent kinds of chemical compounds U P™ Potosynthcsis . Especially 

effects—direct or indirect upon tl , • , nvir ke<Uv influence 

noteworthy arc the effects of ccrtamjuhstanc ^ quantities , Am0 ng 

the rate of photosynthesis \shcn pr . ) ■ j „ n( i certain 

these are hydrocyanic acid. hydroxy aimnc^hy^ ^o^^^^je ' acj(| for ex . 

compounds containing the iodoa • ^ ^ pllotogynthcsi8 of Chlo- 

ample, has a pronounced rctar B molar A11 of these substances 

rella at a concentration of only 4 xyI XXII) am j each of them 

appear to act as enzyme inhibitors - <■ P- of ’ the scvcral w hich operate 
appears to affect one specific enz\ m *y- t advantage 

in the mechanism of photosynthesis. T ,1,fc . fac ^ * nthesis who have 

thereby been enabled to inblb ' 1 ‘ „ evcr . ll partial reactions of photo- 
to differentiate more clearly amo g . • k j s sensitive to hy- 

synthesis. For example, stage of photo- 

droxylamine participates only m 

also exert retarding °[. ,nh, ^^ e " )C conccntra tion is too high, in which 
in very low concentrations. Imle ^ of such substan ces is reversi- 
case death of the cells may rcsul , r to result from 

ble. Narcotic inhibition of P^tosynt »csis ° a , influence, which 

effects on specific enzymes, but from home . b 
is believed to be related to their surface activity. 
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The Effects of Internal Factors on the Rate of Photosynthesis.—In addi¬ 
tion to the environmental factors which influence photosynthesis, the rate 
of the process is also influenced by certain factors within the plant. In 
general, because of the experimental difficulties encountered in their in¬ 
vestigation, the effects of such internal factors on photosynthesis are less 
well understood than those of external factors. Some discussion of several 
of these factors is warranted, however, by the present state of our knowl¬ 
edge. 

1. Chlorophyll Content .—In their extensive study of the relationship 
between chlorophyll content, and photosynthesis WillstStter and Stoll 
(1918) devised the photosynthetic number (“Assirailationszahl”) as an 
index to this relation. The photosynthetic number is the number of grams 
of carbon dioxide absorbed per hour per gram of chlorophyll. These two 
investigators studied the relation between chlorophyll content and photo¬ 
synthesis in green-leaved and yellow-leaved varieties of the same species 
(Table 28). In this experiment the leaves were exposed to strong light in 
an atmosphere of 5 per cent carbon dioxide at 25°C. 


TABLE 28 THE RELATION BETWEEN PHOTOSYNTHESIS AND CHLOROPHYLL CONTENT IN OREEN 
AND YELLOW-LEAVED VARIETIES OF ELM AND ELDER (DATA OF WILLSTATTER AND STOLL, I9I8) 


Species 

Variety 

—__-_ 

Chlorophyll 
content of 
10 g. fresh 
leaves in mg. 

COi absorbed per hr. in mg. 

Photo¬ 

synthetic 

number 

Per 10 g. 
leaf tissue 

Per dm.* 
leaf surface 

Elm. 


16.2 

III 

21 

6.0 

Elm. 

Yellow 

1.2 

98 

24 

/ 

82. 

European Elder. 

Green 

22.2 

146 

34 

6.6 

European F.liler. 

Yellow 

0.81 

97 

21 

120. 


As shown in this table the 
varieties is not much in excess 


rate of photosynthesis in green-leaved 
of tlint in yellow-leaved varieties of the 


same species, and, when expressed in terms of the photosvnthetic number, 
the yellow-leaved varieties are much more efficient per unit of chlorophyll 


present. Other investigations by the same workers also seem to point to 
the conclusion that there is no proportional relationship between chloro¬ 
phyll content and photosynthesis in the leaves of vascular plants. In other 
"°r«Is, it appears that the chlorophyll content of the leaves is seldom the 
limiting factor in photosynthesis in such species even when all external 
conditions arc favorable for the process. 

2. Hydration of the Protoplasm .—That the hydration of the protoplasm 
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is an important internal factor influencing photosynthesis has already 
been shown in the discussion of the water factor in photosynthesis. 

3. Leaf Anatomy. —The rate of photosynthesis in any leaf is partly 
conditioned by the anatomy of that leaf. The size and distribution of 
the intercellular spaces, the relative proportions and distribution of pali¬ 
sade and spongy layers, the size, position, and structure of the stomates, 
the thickness of the cuticular and epidermal layers, the amount and posi¬ 
tion of sclerenchyma, proportion and distribution of non-green mesophyll 
tissues, and the size, distribution and efficiency of the vascular system, all 
influence the rate of photosynthesis. The effects of the structure of leaves 
upon the rate of photosynthesis result principally from influences upon the 
rate of entrance of carbon dioxide, upon the intensity of light penetrating 
to chlorcnchyma cells, upon the maintenance of the turgidity of the leaf 
cells, and upon the rate of translocation of soluble carbohydrates out of 


the photosynthesizing cells. 

4. Protoplasmic Factors.— Evidence from various types of experiments, 
some of which has been presented on the foregoing pages, indicates con¬ 
clusively that certain other conditions resident in the protoplasm of plant 
cells, other than chlorophyll content and hydration, influence the rate of 
photosynthesis. The most important of such factors is undoubtedly the 
enzyme complement of the protoplasmic system. That a number of en¬ 
zymes play a part in photosynthesis is beyond question. There is also 
little doubt that the proportions and quantities of these enzymes may 
vary in different kinds of photosvnthetic cells, or in the same cell under 
different conditions, but until more is known of the physicochemical na¬ 
ture of the photosynthetic catalysts no discussion of them beyond these 

generalized statements is warranted. 

5. Accumulation of the End Products of Photosynthesis.— During 

photosynthesis the carbohydrates synthesized in the process, or in immedi¬ 
ately following secondary reactions, accumulate in the photosynthesizing 
cells more rapidly than they are translocated toward other tissues. Un¬ 
der at least some conditions accumulation of carbohydrates appears to 
exert a retarding effect upon photosynthesis (Kurssanow, 1933; Monch, 
1937; and others). The results of Boysen-Jensen and Muller (1929), Kjar 
(1937), and others, however, appear to indicate that there is no consistent 
relationship between the concentration of carbohydrates in the leaf cells of 

intact plants and the rate of photosynthesis. 

Daily Variations in the Rate of Photosynthesis.—Thomas and Hill 
(1937) measured the daily variation in rates of apparent photosynthesis 
for small plots of alfalfa (Fig. 1041 under conditions approximating a 
“standard day.” Well-watered plots of alfalfa 6 feet square were enclosed 
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in transparent celluloid cabinets and air circulated through each cabinet 
at rates ranging up to several hundred cubic feet per minute. The net con- 
sumption of carbon dioxide by the plants was ascertained by measuring 
the difference in the concentration of this gas in the inflowing and out¬ 
flowing streams of air. In general, as with the apple tree previously de- 
scribed, the rate of photosynthesis under these conditions showed a close 

correlation with the light intensity. 

Innumerable other types of daily periodicities of photosynthesis are 
possible. The pattern of any such periodicity depends in part on the kind 



of plant and on the unit of plant material for which photosynthesis is 
measured—whether a single leaf, a small plant, a large plant, such as a 
tree, or a plot of vegetation. It will also obviously vary with the daily 
cycle of environmental conditions which not only differs in a general way 
from one climatic center to another, but also shows seasonal and daily 
variations within any climatic region. 
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DISCUSSION QUESTIONS 

1. What environmental factor would be most likely to be the limiting factor 

in photosynthesis in the east central United States in July? In January? In a 

greenhouse in the same region in July? In January? In a semidesert region dur¬ 
ing the rainy season? During the dry season? In a lake at a depth of 10 meters? 
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2. If under the conditions prevailing on a “standard day,” half of the leaves 
are removed from a tree, how will the daily rate of photosynthesis per unit of 
leaf area compare with the rate before the leaves were removed? Explain. 
Answer the same question for a day with heavy clouds. Would the distribution 

of the removed leaves make any difference? Explain. _ . 

3. If the carbon dioxide concpntration is usually the limiting factor during the 
summer months for plants well exposed to light, why is it possible to increase 
the production of many crop plants by adding fertilizers to the soil. 

4 . Explain exactly why a leaf appears green to the human eye. 

5. Under what conditions would the addition of water to the soil around a 
plant be expected to result in an appreciable increase in the rate of photos) n- 
thesis? No verv great change? A measurable decrease? 

6. Why does adding carbon dioxide to the atmosphere of greenhouses in the 
northeastern United States during the winter months often have little or no 


beneficial effect on plants? , 

7. Assuming otherwise “standard day” conditions, would you expect the rat 

of photosynthesis of an entire apple tree to be greater on a perfect!) clear da) 

or on one with scattered cumulus clouds in the sky? , , t 

8. Waterweed plants immersed in a dilute solution of KHC0 3 and expo. 
sunlight show an immediate increase in the rate of photosynthesis if the tempo■ . - 
ture is raised from 25° to 30°C. The rate of photosynthesis ,n loaves,. o land 
plants exposed to full sunlight, however, usually increases only slight!) or not 

all with the same rise in temperature. Explain. . , , 

9. Cite some examples of situations in which solanzation might be <xpeiu 


to occur under natural conditions. . 

10. If you wished to obtain maximum production of photosynthate in a I 
herbaceous plant over a 2-hr. period, what procedure would you suggest. Maxi¬ 
mum production of photosynthate over a period of a week. 
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The physiological processes of green plants revolve around molecules 
which belong to the great chemical group known as carbohydrates. In¬ 
cluded in this group of compounds are the molecules put together in 
photosynthesis, the molecules which make up the structural framework of 
plants, some of the most important food reserves, and a large number of 
less prominent compounds that participate in a wide variety of processes 
which occur within plant cells. The carbohydrate molecule serves as the 
principal vehicle in which the energy of sunlight is captured, stored, trans¬ 
ported, and from which it is finally released and utilized by living cells. 

The name carbohydrate was given to the group many years ago when 
the first chemical analyses revealed that the molecules of these compounds 
contained only carbon, hydrogen, and oxygen, the latter two being present 
in the same ratio in which they are found in the water molecule. It has 
been known for a long time, however, that carbohydrates are not, as the 
name suggests, hydrates of carbon. Most of the compounds in the group 
do have the empirical formula C m (H 2 0) n , but this is not true for all 
carbohydrate molecules. Furthermore, there are a number of compounds 
which have this same empirical formula but which are chemically unre¬ 
lated to the carbohydrates. Carbohydrates are now defined as aldehydic 
or ketonic derivatives of polyhydric alcohols of the aliphatic series and 
their condensation products. The significance of this statement will be¬ 
come clearer in the light of the following discussion. 

A large number of different kinds of carbohydrates have been isolated 
from plants, and doubtless many more remain to be discovered. They 
compose the bulk of the dry matter of plants. Although some of the 
carbohydrates are of universal occurrence in plants, or practically so, 
others seem to be restricted to a very few species. Certain carbohydrates 
are the important structural components of the cell walls of plants, others 
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are integral parts of the protoplasm, some are in solution in the cell sap, 
while large quantities of others accumulate in plant cells as insoluble 

storage products. . . . . , 

Classification of the Carbohydrates.—A classification of the principal 

carbohydrates is presented in Table 29. This table is not complete, but it 

does list all of the more important carbohydrates, and includes all of 

those known to be of especial significance in the metabolism of plants. 


TABLE 29-A CLASSIFICATION OF THE PRINCIPAL CARBOHYDRATES 


I. Monosaccharides 
or 

Simple Sugars ... 


II. Oligosaccharides 
or 

Compound Sugars 


III. Polysaccharides 


1. Bioses 

2. Trioses 

3. Tetroses 

4. Pentoses... 


Aldoses 


5. Hexoses 


Ketoses 

Aldoses 


Ketoses 


6. Heptoses 

7. Octoses 

8. Nonoses 

9. Decoses 

1. Disaccharides 


2. Trisaccharides 


1. Xylose 

2. Arabinose 
I 3. Ribose 


1. Glucose 

2. Mannose 

3. Galactose 


{ 


1. Fructose 

2. Sorbose 


D-and L-forms 


1. Sucrose 

2. Maltose 

3. Gcntiobiose 

4. Trehalose 

5. Mclibiose 

6. Cellobiose 
( 7. Lactose 

1. Raffinose 

2. Gentianosc 

3. Mclczitosc 


3. T<nr»saccharidcs. '■ S.achyoc 

I i. Araban 

Pentosan,.. X > U " 


2. Hexosans.. 


I. Glucosans 


3. Pectic compounds 


1. Starch 

2. Glycogen 

3. Cellulose 

4. Lichenin 

2. Fructosans. . . .Inulin 

3. Mannans 

4- , Pcctic Acid 

Pectin 
Protopectin 


4. Gums 

5. Mucilages r , ; .• 

6. Amino-hexosans. 
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The monosaccharides are the group of carbohydrates from which no 
simpler carbohydrates can be produced by hydrolysis. They are classified 
according to the number of carbon atoms which they contain. Although 
monosaccharides of all of the groups included in Table 29 have been iden¬ 
tified, only the 5-carbon atom (pentose) and 6-carbon atom (hexose) 
monosaccharides are important in plants. Most of the sub-groups of mono¬ 
saccharides can be further divided into aldoses and ketoses. Aldoses are 
monosaccharides containing an aldehydic group H while ketoses 

(—C=0) 

contain a ketonic group (=C=0). 

The oligosaccharides or compound sugars can all be hydrolyzed into 
simple sugars. They may therefore be regarded as condensation products 
of the simple sugars. Disaccharides yield two molecules of monosac¬ 
charides upon hydrolysis; trisaccharides, three; and tetrasaccharides, 
four. All of the important compound sugars known to occur in plants are 
condensation products of hexose sugars. The hexose molecules formed 
upon hydrolysis of compound sugars may be all of one kind, or of more 
than one kind, depending upon the specific oligosaccharide. 

The polysaccharides are condensation products of large numbers of 
monosaccharide molecules, or of molecules which are close derivatives of 
monosaccharide molecules. In most of the polysaccharides all of the con¬ 
densing molecules are of the same kind, although there are some important 
exceptions to this statement. 

General Properties of the Sugars.—The mono, di, tri, and tetrasaccha¬ 
rides are collectively called the sugars. All of these compounds possess the 
property of sweetness and all of them are white, more or less crystalline 
compounds which are soluble in water. 

1. Reducing and Nonreducing Sugars. —All of the monosaccharides and 
some of the more complex sugars act as reducing agents. This action is 
made possible by the presence of an aldehydic or ketonic group in the 
sugar molecule. Those compound sugars in which the linking of the mono¬ 
saccharides has occurred in such a manner that the aldehydic or ketonic 
groups have lost their usual reactivity are nonreducing. Sugars are com¬ 
monly classified on this basis as reducing sugars or nonreducing sugars. 
The reducing action of sugars is most commonly determined by means of 
Fehling’s or Benedict’s solution, in which, upon heating, a reducing sugar 
converts cupric hydroxide into cuprous oxide. The latter compound sepa¬ 
rates from the solution in the form of a reddish precipitate. These solu¬ 
tions are used not only for the qualitative demonstration of reducing 
sugars but for their quantitative estimation, since the quantity of precipi- 
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tate formed, although not directly proportional, bears a definite relation 

to the amount of sugar taking part in the reaction 

2. Optical Activity-Most of the soluble carbohydrates ^e like many 

other organic compounds, optically active when in solutl0 " v Tl } e ° P< f 

activity of a solution of carbohydrate refers to its property of rotating 

the plane of polarized light. Thfe specific rotary power of a sugar is ex- 

Dressed in terms of the number of degrees of angular rotation of the 

plane of polarized sodium light caused by a solution made in the propor- 

tion of 1 g of the sugar to 1 ml. of solution, observed through a depth of 

10 cm. at a temperature of 20“C. Measurements of the rotary power^ 

substances are made with an instrument known as a Polanmeter Com 

pounds which rotate the plane of polarized light to the nght <ma el k 

wise direction) are called dextrorotatory; those which rotate it to 

(in a counterclockwise direction) are called levorotatory. 

3. Isomerism .—An important fact regarding the SU ^ ' 8 J hat ^ y 
• • * camp molecular formula. There are two im 

p S&ts 

have the same empirical formula (C«H 12 O fl ). 


CHO 


CHjOH 


h— c —on 


HO—C—H 


c=o 

HO—C—H 


H—C—OH 


H—C—OH 


H—C—OH 


11—C—OH 




h 2 oh 

D-Olucoeo 


ch 2 oh 

D-Fructoa* 


. „i„ fl that have exactly the same atomic group- 
Stereoisomers arc molecules t m J reni pattcrn8 ar0 und the 

ings but these groupings are n T«t "c carbon atom is one in which 
asymmetric carbon atoms. A y different kind of atom or 

each of the four valences » face in the structural 
group. Such carbon atoms a ^ thie chapter. D-Glucose and 

formulas for monosacchand g 
D-mannose, for example, arc stereoisomers: 
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H—C-OH 

I 

HO—C—H 

I 

H—C—OH 

I 

H— C —OH 
H—C-OH 

D-Glucoee D-Mannose 

Two exactly opposite stereoisomeric forms exist for each of the simple 
sugars, the arrangement for L-glucose and L-mannose being the mirror 
images of the above patterns. One of the stereoisomeric forms rotates 
the plane of polarized light to the right; the other rotates the plane 
to the left. It is impossible to know which form actually is associated 
with either rotation, and, therefore, the designation of the two mole¬ 
cular types as d and l forms does not represent their action on polar¬ 
ized light. A d molecule is one in which the asymmetric carbon atom 
farthest from the reducing group and adjacent to the terminal CH 2 OH 
group has its OH group shown on the right. In the L form the OH group 
of the same carbon atom is shown on the left. When it is desired to show 
the direction of rotation, this is indicated by the use of a plus sign for 
rotation to the right and a minus sign for rotation to the left, thus: 

D-glucose or if desired d ( + ) glucose 

D-fructosc or if desired d ( — ) fructose 

4. Ring Structure— Although it has long been customary to write the 
formulas of monosaccharides as straight carbon chains, some of the prop¬ 
erties of such sugars cannot be explained satisfactorily by such a molec¬ 
ular structure. It has been necessary to assume that the monosaccharides 
actually possess a ring structure. In fact, molecules of glucose and other 
hexose sugars may exist in two different ring forms which are unlike in 
their stability and reactivity. In the more stable ring form (the pyranose 
ring) carbon atoms 1 and 5 are linked by an oxygen atom, while in the 
less stable ring form (the furanose ring) the oxygen atom is shared by 
carbon atoms 1 and 4. The ring formulas are now commonly written as 
closed hexagons or pentagons (Haworth, 1929), but they may also be 
expressed as straight carbon chains with an oxygen atom shared between 
appropriate carbon atoms: 
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H—,^^-OH 
H—sC—OH 


HO—sC—H 
H—-«y—OH 
H —iC - 


0 


eCHsOH 

D glucose 
(pyranose ring) 



D glucose 
(pyranose ring) 



cCHsOH 



D glucose 
(furanose ring) 


D glucose 
(furanose ring) 


, I K f mctures of both forms. Because of their 

Pentose sugars also have ring , have a transitory exist- 

‘of "bmt7probab !y play an infant role In 
metabolic processes. , » fornls depending upon the posi- 

which is also asymmetric in the pyranose and furanose nng . 



«CHiOH 



ft D-Glueose 


rr.i /-u . - 
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as a part of nucleic acid molecules (Chap. XXVI). L-Arabinose and 
D-xylose are the common pentose sugars obtained by the hydrolysis of the 
pentosans. The former is also one of the products formed in the hydrolysis 
of vegetable gums and pectic compounds. D-Arabinose has been obtained 
by hydrolysis of certain glycosides. D-Ribose and desoxy-D-ribose are 
constituents of the nucleic acids of the cytoplasm and nuclei respectively. 

The pentose sugars are, therefore, important building blocks in the syn¬ 
thesis of certain more complex molecules, some of which are essential com¬ 
ponents of all living cells. The origin of the pentoses in plants is unknown, 
but it is highly probable that they are formed from the hexose sugars. 

The hexoses are six carbon atom sugars represented by the molecular 
formula CoHio0 0 . Sixteen stereoisomerie aldoses and eight stereoisomeric 
ketoses having this formula are known to be possible. Of all these, only 
two, n-glucose (an aldose) and D-fructose (a ketose), are commonly 
found in plants in the free state. D-Mannose and D-galactose, both al¬ 
doses, are hydrolytic products of a number of the more complex carbo¬ 
hydrates found in plants. 

d-GIucosc (also called dextrose, blood sugar, corn sugar, or grape sugar) 
is the most familiar of all the hexoses, and is of widespread occurrence in 
plants. It is apparently present in practically every living plant cell. 
n-Glueose rotates the plane of polarized light to the right. Transformation 
of glucose to fructose, as well as the reverse reaction, occurs readily in 
plant cells. Glucose is a substrate of respiration and is probably also a 
common translocation form of carbohydrate. Its condensation products 
include starch, cellulose, and glycogen. It is also a hydrolytic product of 
certain di-, tri-, and tetrasaccharides. 

D-Mannose and n-galactose are both found in plants of the free state 
only in traces, and arc evidently only transitory products in the metab¬ 
olism of plants. Their condensation products are mannans and galactans 
respectively, both discussed later. Galactans are commonly associated 
with the pectic compounds and galactose is one of the sugars produced 
upon the hydrolysis of lactose, raffinosc, stachyose, gums and mucilages. 

D-Fructose (also called levulose, or fruit sugar), like glucose, is nearly 
always present in the cells of the higher plants. Fructose rotates the plane 
of polarized light to the left. It is especially abundant in many fruits in 
which it often exceeds the amount of either glucose or sucrose present. 
Fructose is a common substrate of respiration and undoubtedly is readily 
translocated from cell to cell in plants. Condensation of fructose molecules 
produces inulin . an important storage carbohydrate in some species of 
plants. Fructose is also one of the hydrolytic products of sucrose and of 
several of the tri- and tetrasaccharides. 

The Disaccharides.—Sucrose, a nonreducing sugar, is the most abundant 
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of all the disaccharides in the higher green plants. It is widely distributed 
throughout plant tissues and often accumulates to higli concentrations in 
storage organs. The roots of sugar beets and the stalks of sugar cane, for 
example, may contain sucrose (“cane sugar”) in sufficient quantities to 

make up 20 per cent of their fresh weight. 

Upon hydrolysis sucrose yields equimolar quantities of a D-glucose 
and p n-fructose. Following is the structural formula of sucrose: 


CHsOH 

1 

_o 


( 

;h*oh 

yi 

h4\?“ 

V 

—o— 

-( 


1 

L 



i 

OH 



The left-hand portion of the molecule is derived from the pyranose ring 
form of glucose and the right-hand portion from the furanose ling 

Maltose is a reducing disaccharide which is widely distributed in plants 
but is seldom present in more than small amounts, ly.es two molecules 

of D-glucose upon hydrolysis “7^* commonly found 

^aU^ ofher tissues in which starch is being 

di s:;:r*ing ^ ». r . r . ^— 

by the action of the enzyme cellulose. Upon hydrolysis . ^yields 
cules of glucose. Cellohio.se differs from maltose ... that .t * by 

the condensation of two molecules of * n-gh.cose while a molccu c of 
maltose results from the condensation of two nmlecules of « n-g uco e 
Trehalose is a nonreducing disaeehari.le found ... fung, ... winch it con 

stitutes an important food reserve. 

Other disaccharides found in plants are listed ... 1 able 29. 

Tri- ond Tetrosacehorides.— Trisacchandes are sugars w ith the molcc 
ular formula C.JWW Raffinose is a nonreducing tr.sacclKU.dc presen 

in small quantities in many of the higher plants and m fung.. U is found 
in appreciable quantities in cotton seeds and sugar beets. 
hydrolysis it yields one molecule each of n-galactosc, .-glucose, and 
n-frucu.se. Partial hydrolysis may yield either fructose and mchb.osc, or 

galactose and sucrose, depending upon the enzyme used. 

The trisaccharide gentianose has been found in the roots of the yellow 
gentian (Gentiana lutea). Upon partial hydrolys.s it yields one molecule 
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each of fructose and gentiobiose; upon complete hydrolysis one molecule 
of fructose and two of glucose. Melezitose is a very sweet trisaccharide 
which has been found in the exudates of certain trees, especially some 
conifers such as the European larch and Douglas fir. Upon complete hy¬ 
drolysis this sugar yields two molecules of glucose and one of fructose. 

The only known tetrasaccharide is stachyose (C 24 H 42 O 21 ) which has 
been isolated from the roots of the hedge nettle (Stachys tubifera). Upon 
complete hydrolysis this carbohydrate yields one molecule of glucose, one 
of fructose, and two of galactose. 

The Polysaccharides.— The polysaccharides are complex carbohydrates 
of high molecular weight. They are condensation products of monosaccha¬ 
rides, or of close derivatives of monosaccharides. Large numbers of these 
simpler molecules are combined in the fonnation of one molecule of a 
polysaccharide. Some polysaccharides are built up solely out of the mole¬ 
cules of one kind of sugar. Starch and cellulose, for example, are both 
condensation products of D-glucose. Other polysaccharides are built up 
from two or even more different kinds of molecules of sugars or related 
compounds. This more complex type of structure is characteristic, for 
example, of the gums and mucilages. The polysaccharides are not sweet 
like the sugars and they are not soluble in water. Some, such as the pectic 
compounds, are extremely hydrophilic, readily forming colloidal sols and 

gels. . , ( 

1. The Pentosans. —These compounds are the condensation products of 

pentose sugars. The best known pentosans are the arabans and xylans. 
The molecules of these compounds apparently consist of long chains of 
arabinose or xylose residues, similar in structure to cellulose molecules 
described later. Arabans and xylans apparently occur principally in the 
cell walls of plants. Arabans are often closely associated with pectic 
compounds in cell walls. In some species, such as the cacti, they are also 
important constituents of the mucilaginous materials present in the cells, 
and contribute largely to the hydrophilic properties of such substances. 
Arabans are one of the constituents of cherry, peach, and plum gum, 
while xylans are found very commonly in wood, straw, corncobs, and 
seed coats. Xylans may constitute as much as 25 per cent of the woody 
tissues of some trees. 

2. The IIexosans.—T\\e important polysaccharides which are synthe¬ 
sized in plants from D-glucose are cellulose, starch, and glycogen. 

Cellulose is the principal constituent of the cell walls of all of the 
higher plants (Chap. IV). In terms of absolute amounts it is probably 
the most abundant organic compound present on the earth. Much of the 
cellulose as it occurs in the plant is in intimate mixture with, or encrusted 
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by, other materials. Some fibers, however, such as those of the cotton 
plant, are practically pure cellulose. 

Cellulose “molecules” are long, ribbon-like structures. These chain-like 
molecules are built up by the linear condensation of /3 D-glucose molecules 
Each cellulose molecule consists of a chain of at least 1000 and probably 
many more glucose residues linked together by oxygen bridges: 


—O 


(pHgOH 

C -O 

V* \ 
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/L 

\? 

? 


OH 

C 

AW 
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CHsOH 
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Chemically cellulose is relatively inert, being insoluble in water and 
all organic solvents. One of the few liquids which will dissolve it is an 
ammoniacal solution of copper hydroxide (Schweitzer’s reagent). Concen¬ 
trated sulfuric acid will gradually hydrolyze cellulose into glucose, while 
dilute sulfuric acid causes it to swell and converts it into ‘ hydrocellu¬ 
lose.” In sodium hydroxide solutions of about 15 per cent, cellulose swells, 
also producing a “hydrocellulose”; this effect is the basis of the process 
of mcrcerization. Stepwise hydrolysis of cellulose results first in the pro¬ 
duction of cellobiose, a disaccharide, each molecule of which is in turn 
hydrolyzed into two molecules of glucose. 

Cellulose-digesting enzymes are present in many bacteria and molds 
and in some invertebrates, but not in the higher plants or animals. A 
number of species of bacteria and molds contain the enzyme cellulase 
which hydrolyzes cellulose to the disaccharide cellobiose. Virtually noth¬ 
ing is known of the chemical mechanism of cellulose synthesis in plants. 

Starch is the most abundant hexosan, next to cellulose, occurring in 
plants. It is found throughout the vegetative tissues of most species of 
green plants and often accumulates in large quantities in storage organs. 
A temporary accumulation of starch occurs in the leaves of many species 
during photosynthesis. 

In plants starch is always synthesized in chloroplasts or leucoplasts, 
usually in the form of small grains or granules. The grains synthesized in 
the chloroplasts are usually small and seem to be formed within the 
interior of the plastid. Most of the larger and more prominent starch 
grains built up in plant cells are synthesized by the leucoplasts. Each 
leucoplast apparently produces only a single starch grain. The starch 
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grains vary greatly in size (from 1-150 |& in diameter) and number in 
different cells, but their shape is so nearly constant for a given species 
that the plant source of the starch in flour can often be determined by 
examining a small sample under the microscope (Fig. 105). 

Commonly starch grains appear to be built up of a number of layers 
of lamellae which have been deposited about a central locus. The lamellae 
probably represent different degrees of compactness (Frey-Wyssling, 
1948) of the starch molecules making up the grain. The innermost parts 
of each lamella apparently are denser than the outer portion, and it is 



C 0 

Fig 105 Starch grains: (A) from potato tuber, (B) from bean seed, (C) from 

com (maize) grain, (D) from wheat grain. 

this regular variation in density which causes the laminated appearance 
of the grain. Starch grains formed under continuous illumination lose all 

appearance of lamination (Badenhuizen, 1937). 

Starch consists of two components, amylose and amylopectin, which 
differ in their physical properties. The former is more water soluble and 
less viscous in solution than the latter. Amylose gives an intense blue 
reaction with I-.KI solution; amylopectin a light bluc-violct color. 

The percentages of amylose and amylopectin differ widely in starch 
from different kinds of plants. Waxy starch, found in certain varieties of 
maize and other cereals, is composed wholly of amylopectin, while starch 
from some varieties of peas may be 60-70 per cent amylose. About 20-30 
per cent of the starch of most species of plants is amylose. 

Both components of starch are condensation products of a D-glucose. 
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Amylose consists solely of straight chains in which glucose molecules in 
the pyranose form are linked together between carbon atom 1 of one 
molecule and carbon atom 4 of the adjacent molecule, a molecule of water 
being split out. Each straight chain molecule of amylose is built up of 

300-1000 glucose residues. , . _ _ 

Amylopectin molecules are larger than those of amylose and h e a 

multiple-branched rather than a straight chain structure. Straig ^ 
are constructed as in amylose, but there also exist many su c . j' 1 
which carbon atom 6 of certain glucose residues is inked "■'th carbon 
atom 1 of other glucose residues, thus giving rise to a branched structure. 
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Each branch chain of an amylopectin molecule may in turn 
side chains. A diagrammatic representation of the struc 

pectin molecule is shown in hig. 106. . carbo- 

Glycogen (sometimes called animal starch) serves a “ 

hydrate in animal tissue, being . y ^7mcte, iu, but rarely occurs 

liver. It is found in some species of f 8 , i )Cen j so - 

in the higher plants. A compoun.l very siimlnr o g cntirc , o( 

latcd from Golden Bantam sweet coin. Giycog , . . j 

branched molecules in which glucose "J? .’rdycogen, like starch 

(sec later) is hydrolyzed to maltose by the combined action h 

amylases. . • »• , v »,i c h is accumulated as a 

The only well-known fmetosan ,s mcmbcrs of lllc co ,n- 

storage product in a number of plant. , *1 
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posite family. Some species in which inulin is found are the dahlia, chick- 
ory, salsify, dandelion, Jerusalem artichoke, and goldenrod. Inulin is 
seldom if ever found in the aerial organs of plants, but may constitute 
as much as 15 per cent of the dry weight of some underground parts. 
Some species (Jerusalem artichoke) accumulate starch in the aerial parts, 
but inulin in the underground portions. Inulin is a white powder-like 
compound which forms colloidal sols in water. It is dispersed in the cell 
sap of those cells in which it accumulates and can be precipitated as 
crystals in the cells by immersing them in alcohol. Inulin is hydrolyzed 




Fig. 106. Diagrams showing arrangement of a D-glucose residues in an amylose 
molecule (above) and in an amylopectin molecule (below). 


in plants to n-fructose by the enzyme inulase. Other plant fructosans 
are discussed by Archbold (1940). 

Mannans are found commonly in the wood of coniferous trees and as 
cell-wall constituents of the endosperms of some kinds of seeds. 

Galactans are commonly associated with the pectin compounds in cell 

walls. 

Hemicellulose is a widely used, but ill-defined term employed to refer 
to certain polysaccharides found in the cell walls of plants. This blanket 
designation includes xylan, mannans, and galactans, already mentioned, 
together with a number of similar, but less common, polysaccharides. 
Hydrolytic products of hemicelluloses include D-glucose, D-glucuronic 
acid, D-xylose, D-galactose, D-galacturonic acid, L-arabinose. and D-man- 
nose. The hemicelluloses present in many seeds arc used as food by the 
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young seedlings during germination. Compounds of this type, although 
cell-wall constituents, may therefore serve as reserve foods. The hemicellu- 
loses found in the cell walls of the woody tissues of some trees, as for 
example the apple tree, also serve as reserve food which is digested and 
utilized when growth of the steins is resumed in the spring. 

3. Pectic Compounds .—Three principal types of pectic compounds are 
recognized as occurring in plants: pectic acid, pectin, and protopectin. All 
of these compounds are important constituents of the cell walls of plants. 

Pectic acid is the simplest of these three compounds and most of our 
knowledge of the chemical composition of the pectic compounds has been 
derived from studies of pectic acid. This compound appears to be a long 
straight chain molecule built up by the condensation of a large number 
(about one hundred) of a galacturonic acid molecules. The structure of 
a galacturonic acid molecule is the same as that of a galactose molecule 
except that carbon 6 is in a carboxyl ( COOH) gioup instead o in 
—CHoOH group as in the latter compound. The arrangement of the galac- 
turonic acid residues in a molecule of pectic acid is indicated m the fol¬ 
lowing diagram: 
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Pectin differs from pectic acid in that many «»f the carboxyl groups of 
the pectic acid have been esterified with methyl groups and that the 
number of galacturonic residues per chain is greater. Pectin forms viscous 
colloidal sols in water which “set” into firm gels under proper conditions 
Among these arc the presence of a dehydrating agent such as a big 
concentration (65-70 per cent) of sugar. Kousehold jellies o^ 
“gelling” property to the pectin derived from the fruits. Nci 1 I 
pectin nor pectic acid forms gels, and for this reason over-ripe fruits (in 
which much of the pectin has been converted into pectic acid) arc less 
satisfactory for making jellies than green or immature fruits. Because of 
its usefulness in making fruit jellies, pectin is extracted from nuts on a 
commercial scale. As much as 35 per cent of the dry weight of lemon rind 
and 10-15 per cent of the dry weight of crushed apple fruits may be pectin. 

Protopectin differs from pectin in having a still greater ength of the 
molecular chain. Protopectin occurs in the middle lamella where it serves 
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to bind the cell walls of the tissue firmly together. It also makes up a 
portion of the primary cell wall where it seems intimately associated with 
cellulose and often with lignin. Protopectin is insoluble in water. During 
the ripening of fruits, protopectin is converted into “soluble" pectin and 
the cells of the tissue are no longer held firmly together. It is this conver¬ 
sion of protopectin into pectin that is responsible for the softening of 
many fruits during ripening. 

The pectic compounds, because of the presence of carboxyl groups, 
form salts and the calcium salt is an important constituent of the middle 
lamella of plant cell walls. 

Several enzymes are known which catalyze reactions in which pectic 
compounds are broken down into simpler ones. Protopectinase converts 
protopectin into pectin. Pectase de-esterifies pectin, resulting in the 
formation of pectic acid and methyl alcohol. Pectinase hydrolyzes pectic 
acid into galacturonic acid. This enzyme may also act on some pectins 
and on pectatcs. All of these enzymes are found in the higher plants and 
in many bacteria and fungi. 

Practically nothing is known of the synthetic processes whereby the 

pectic compounds are built up in plants. 

4. Gums and Mucilages .—These are complex kinds of carbohydrates 
which resemble in some respects the pectic compounds and so-called 
hemicelluloses. The gums and mucilages cannot be sharply differentiated 
from each other. 

The gums appear to have a branched chain molecular structure which 
has been built up by condensation of various pentoses, hexoses, and acids 
derived from such sugars. Hydrolytic products of the gums include 
L-rhamnose (a methyl pentosan-hexosan), L-fuctose (a methyl pentose), 
L-arabinose, D-mannose, D-galactose, D-galacturonic acid, and D-glucu- 
ronic acid. 

Gum arabic (gum acacia), an exudate from an African species of 
acacia, is a well-known example of a gum. This compound is actually a 
salt in which calcium, magnesium, and potassium have replaced some of 
the hydrogens on the carboxyl groups. Other gums include gum traga- 
eanth from Asiatic species of Astragalus, and the familiar gums which 
exude from the stems of cherry, plum, and peach trees. 

The molecular structure of the mucilages appears, in general, to be 
similar to that of the gums. Examples of this kind of polysaccharide 
include the mucilage from the bark of the slippery elm (Ulmus fulva), 
the mucilage which coats the surface of flax seeds, and certain polysac¬ 
charides which accumulate in the seeds of some legumes such as the carob, 
locust, and honey locust. 

5. Amino-hexosans .—The only well-known carbohydrate of this group 
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is chitin which occurs in some fungi and in many invertebrates, especially 
insects. The structure of chitin is analogous to that of cellulose except that 
the structural unit is not glucose, but a molecule in which the —OH group 
of carbon 2 has been replaced by an acctylamino (—NH—CO—CH 3 ) 


group- , 

Carbohydrate Transformations in Plants.— There are many lines of evi¬ 
dence which show that transformations of one kind of carbohydrate 
molecule to other kinds are continually and rapidly in progress in physio¬ 
logically active cells. Utilization of carbohydrates in the synthesis of 
fats, proteins, and other compounds is also constantly going on in sue 
cells, but consideration of such transformations will he deferred to later 
chapters. Experiments in which detached leaves have been artificially 
supplied with various kinds of sugars show that one kind of sugar can be 
converted into another in plant cells. Sucrose, for example, is synt 1C1Z0< 
in barley leaves (McCready and Hassid, 1941) and sorghum and cotton 
leaves (Leonard, 1939) which are supplied artificially with glucose, fruc¬ 
tose, or certain other monosaccharides. 

Experiments with albino plants also furnish evidence of the ready 
conversion of one kind of carbohydrate to others. Such chlorophy 
lacking plants usually starve to death within a few weeks after germina¬ 
tion as soon as the foods in the seed have been used up. Albino maize 
plants, however, have developed to maturity if the leaves are artificially 
supplied with sucrose (Spoehr, 1942). The cells of the albino maize plant 
are able to use sucrose as the starting point in the synthesis of all ol the 
many organic compounds in the plant. Cellulose, starch, ‘ Ul( U . X< ‘ C 
sugars were among the carbohydrates formed from the sucrose artificially 


supplied to the leaves. , . 

Some of the more important reactions in which carbohydrates aic 

known to participate in living cells will now be considered. Many of these 
reactions involve the conversion of one kind of carbohydrate into another. 

Formation of Phosphate Eaters -One of the commoner and m a- 
bolically most fundamental of the reactions of the sugars >s the formation 
of phosphate esters. Such esters serve as the substrate o 
(Chap. XXII), and are involved in various reactions in which one kind 

of carbohydrate is converted into another. 

A primary hexose ester is glucose-6-phosphate a compound in which 

a phosphate group is attached to carbon atom 6 of glucose. This com¬ 
pound is synthesized by the transfer of phosphate groups from adenosine 
triphosphate (ATP) to glucose, resulting in the formation of glucose-6- 
phosphate and adenosine diphosphate (ADP). The rote of the adenosine 
phosphates is discussed in greater detail in Chap. XXII. This reaction a 
essentially irreversible and is catalyzed in animal tissues and in yeasts 
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by the enzyme hexokvnase. This enzyme has not yet been isolated from 
the cells of higher plants but there is little doubt that it, or some similar 
enzyme, is present. Glucose-6-phosphate can be broken down into glucose 
and inorganic phosphate by a phosphatase enzyme. This reaction is irre¬ 
versible. 

Migration of the phosphate group so that it is attached to carbon atom 
1 instead of carbon atom 6 of glucose results in the formation of glucose- 
1-phosphate. This reaction, which is reversible, is catalyzed by the 
enzyme phosphoglucormitase, which occurs in both plants and animals. 

Under the influence of the enzyme phosphohexose isomerase glucose-6- 
phosphate is converted into its isomer fructose-6-phosphate. This reac¬ 
tion is reversible, and the enzyme involved has been found in the higher 
plants. This is the only reaction known to occur in plants whereby glu¬ 
cose and fructose are interconverted. Fructose-6-phosphate can also be 
formed from fructose and ATP in a manner analogous to that by which 
glucose-6-phosphate is formed. Irreversible breakdown of fructose-6- 
phosphate into fructose and phosphate can be accomplished by a phos¬ 
phatase enzyme. 

Still another common transformation in living cells is the conversion 
of fructose-6-phosphate into fructose-1, 6-diphosphate. Fruotose-6-phos- 
phate reacts with ATP in such a way that phosphate groups are trans¬ 
ferred from the latter compound to the former. The end products of the 
reaction are fructose-1, 6-diphosphate and ADP. This reaction is cata¬ 
lyzed by the enzyme phosphohexokinase and does not appear to be 
reversible. Action of a phosphatase on this compound converts it back to 
fructose-6-phosphate with the release of inorganic phosphate. 

Syrithesis and Hydrolysis of Sucrose .—As previously discussed, sucrose 
synthesis occurs during or immediately following photosynthesis in many 
chlorophyllous cells. Synthesis of sucrose can, however, occur entirely 
independently of photosynthesis. This sugar is readily synthesized, for 
example, in detached leaf blades infiltrated with glucose or fructose and 
kept in the dark. Sucrose synthesis does not occur in the absence of 
oxygen (McCready and Hassid, 1941). In the bacterium Pseudomonas 
saccharophila it has been shown by Hassid et al. (1944) that sucrose 
synthesis is accomplished according to the following reaction: 

Glucose-1-phosphate -f- Fructose < . - Sucrose -f- Phosphate 

This reversible reaction is catalyzed by sucrose phosphorylase. The exact 
mechanism of sucrose synthesis in the cells of higher plants is not known, 
but it is probable that it occurs by this reaction or one similar to it. 
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Hydrolysis of sucrose into glucose and fructose is accomplished by the 
enzyme sucrose, but this reaction is apparently not rex ersiblc. 

Synthesis, Phosphorolysis, and Hydrolysis of Sfarcfc.-Certain ge. 
aspects of the process of starch synthesis discussed in Chap. XVIII will 
now be supplemented by a more detailed consideration of its ^chamsim 
As first clearly shown by Hanes (1940a, 1940b), starch is synthesized in 
plant cells from glucosc-l-phqsphatc under the influence of the enzyme 
;!"» phosvlrylase. The nature of the reaction between two of the 

reacting molecules is indicated in the following diagram: 
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Phosphoric a,.id is formed by the reaction between an °« e ™“ P ^ 

molecule and the H,PO, group of another, as J ° 

residues, one of them still phospl.orylated, are then linkw ‘o ■ 

oxvcen bridge. The glucose- 1-phosphate molecules which participatei in 

in this manner in the s}ntnc..is ui a h l)L> 

The plastids in which starch grains are formed base be i .h ^ 

^in ZZeL is quickly utilised in the 
catalyzes tlic reverse reae cl ; mok>culc is accomplished by linking 

this reversible reaction is \ery sma . . amylases. The two 

Starch is hydrolyzed into dcxtnns and maltose by ^ 

principal enzymes of ‘h”* ‘yP c ^'"/hydrolyzes the amylose fraction 
hydrolyzes starch to dextr fraction partly to maltose and 

^Xto'lxtrirXir'^afolT^re not reycrsible. Other enzymes 
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J, amylases <*' Cha P' 

Maltose -f- dextrina 

| m?ltase 

Glucose 

Fra. 107. Some important carbohydrate transformations occurring in plants. 
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apparently convert dextrins into maltose, and this sugar is hydrolyzed to 

glucose by the enzyme maltase. • j: 

6 The carbohydrate transformations discussed in this section are ind - 

cated schematically in Fig. 107. Plants_ 

Some Factors Influencing Carbohydrate Transformat,ons m Plan*- 

The rate and direction of various carbohydrate transformation 
in plants are known to be influenced by a number of factors, borne of the 

better known of these effects will now be considered. 

1 Temverature .—Low temperatures in general favor the starch to 
^ r fmn in nlant cells This fact is illustrated by the seasonal 

behavior of the carbohydrates in the leaves of 

woody stems (Winkler and Williams, 1945; and othem) in regions where 
low winter temperatures prevail. During the colder months of yea 



I * irv till* cells of such tissues at the 
soluble carbohydrates accumu a c months the reverse situation 

expense of starch, while during the war,no,i ^lj‘te ^ __ goluble 

Prevails. Correlated with these ® c ® h ‘’" a v ^ I ! hltions j n the osmotic pressure 
carbohydrate equilibrium are seas ‘ j ce |i p D f suc h tissues 

of the cell sap. Midwinter osmotic W- 108). 

is often as much as twice as hig i as . starch-sugar equilibrium 

Another interesting example of a rfi.ft *r h * stored at 

with temperature occurs in potato sugars (principally 

too low a temperature a gra expense of the starch present. 

Thi7 accountH°for tlic sw'cct'taste tliich is sometimes found in potatoes 
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purchased on the market. Contrary to popular opinion this sweetening is 
not necessarily a result of freezing of the tubers, since it has been found 
that temperature of the inception of sugar accumulation is about 5° or 
6°C. (41°-43°F.). Storage of potatoes at temperatures in this range just 
above the freezing point will therefore induce sugar formation in the 
tubers. 

Starch-to-sugar transformations in the potato tuber are activated prin¬ 
cipally by a phosphorylase (Arreguin-Lozano and Bonner, 1949). At low 
temperature glucose-1-phosphate accumulates in the tubers in detectable 
quantities, but it is absent at higher temperatures. Glucose-6-phosphate 
and fructose-6-phosphate are both present in the tubers over a wide range 
of temperatures, but the proportion of the latter to the former is much 
greater at temperatures approaching zero than at higher temperatures. 

Apparently it is only in a zone of intermediate temperatures that starch 
formation at the expense of sugars is favored in potato tubers, as rela¬ 
tively high temperatures (35°-45°C.) also appear to favor hydrolysis of 
starch to sugar. It is possible, however, that this shift in equilibrium 
toward sugars at the higher temperatures is a result of the reduction in 
water content which may be induced by such temperatures (Wolff, 1926). 

Similar effects of temperature on carbohydrate equilibria are shown by 
other species. In sweet potato roots sucrose accumulates rapidly at the 
expense of starch at temperatures below a critical range of 13°-16°C., 
but above this range most of the stored carbohydrates remain in the 
form of starch (Hopkins and Phillips, 1937). In ripening banana fruits 
hydrolysis of starch occurs rapidly at temperatures between 21° and 
26°C. but there is practically no starch hydrolysis at 10°C. It is evident 
that the critical temperature ranges for hydrolysis and synthesis of starch 
vary greatly according to species. 

2. Water Content .—In wilting leaves much of the starch present is 
converted into sugars (Molisch, 1921; Ahnis, 1924; Spoehr and Milner, 
1939). A relatively high water content apparently favors “starchiness” 
in the leaf tissues of many species, while a severe reduction in water con¬ 
tent induces a conversion of starch into sugar. Sucrose, as well as simple 
sugars, accumulates during wilting. That many species of plants do 
accumulate sugars rather than starch under drought conditions has 
already been pointed out in Chap. XV. In certain succulent plants, such 
as cacti, desiccation favors the accumulation of polysaccharides, rather 
than soluble sugars (Spoehr, 1919), so evidently no single general prin¬ 
ciple regarding the influence of the water content of the cells upon carbo¬ 
hydrate equilibria within them can be formulated. 

3. H-ion Concentration .—The action of enzymes is very sensitive to 
the H-ion concentration of the medium wherein they operate (Chap. 
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XVI). Since most of the carbohydrate transformations occurring in plants 
are catalyzed by enzymes, the pH of the medium in which these reactions 
occur may have an important effect upon the rate of these transforma¬ 
tions. Apparently the pH of the medium may influence not only then 
of an enzymatic reaction but may also influence its direct on. The re¬ 
versible carbohydrate transformations occurring in the guar 

stomates are a well-known example of this effect. ration of 

4. Concentration of Sugars- Theoretically, a high concentrate of 

sugars in a cell would favor starch synthesis and nice versa^ The y 
time accumulation of starch in green leaves winch are photc^BthM* g 
rapidly apparently results from the maintenance of a relatively high 
concentration of sugars in the cell sap, since under conditions unfavoraWe 
for rapid photosynthesis the accumulation of starch is great y ^ 

During the hours of darkness, when a high sugar concentration o he 
cells is no longer maintained by photosynthesis, the accumukted starch 
is rapidly reduced in amount by transformation to sugars, in which form 

it is translocated out of the leaf. ,• between 

The Glycosides.— These are compounds formed by a 1 
a sugar (most commonly glucose, and one or more compounds h^ch are 
non-sugars. All glycosides may exist in two forms, « or P, > ut all of those 
known to occur in plants are of the p type. Although of widespread occur 
rence in plants the glycosides are never present in large qoanf t.es. Tl ey 
may be found in almost any part of the plant In a pun i state ^the^are 

mostly levorotatory, crystalline, colorless, nttu, am ■« 

water or alcohol. All p-glycosidcs can be hychotyzed by the enzym 

emulsin or by dilute mineral acids. A large nunr'ier of „ of 

have been isolated from plant tissues. T j 

plants, if any, is obscure although it is possible that they may sine 

a minor way as storage foods. . , . n • ort i cr t 0 

Several representative glycosides will ^ dossed briefly 
indicate more clearly the general nature of these compounds. 

Salicin is found in the bark and leaves of the wfl ow treel|^ K 'roly 
sis with emulsin it yields glucose and the alcohol sahgenol according 

the following equation: 


CijHiiOj + HjO 


Einulain 


>CH*OH 

* c ‘ H <oh 

Saliiceuol 


+ CeHijOe 

Glucoae 


Amvadalin occurs in the seeds of almonds, apples, peaches, and pW 
Upon hydrolysis with emulsin it produces glucose, hydrocyan.c acid, 

benzaldehyde: 
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C 20 H 27 NO 11 + 

Amygdalin 


2 h 2 0 2 C,H„0, + HCN + CsHsCHO 

Glucose Hydrocyanic BcnEaldehyde 

acid 


Similar cyanogenetic glycosides occur in other plant materials such as 
the leaves of cherries and peaches and in Sudan grass and other sor¬ 
ghums. Under certain conditions domestic animals may be poisoned from 
eating plant materials containing such glycosides. Such poisoning results 
from release of hydrocyanic acid upon hydrolysis of the glycoside. 

Sinigrin is called the mustard oil glycoside. It is found in the black 
mustard (Brassica nigra) and is hydrolyzed as follows: 


CxoHuCbNSiK + H 2 0 

Sinigrin 


^^C,H 5 CNS + C,H u O, + KHSO. 


Allyl iaothio- Glucose 

cyanate (“Mustard 
oil”) 


Potassium 

hydrogen 

sulfate 


The Anthocyanins.— Most of the red, blue, and purple pigments of plants 
belong to the group known as the anthocyanins. These compounds are 
glycosides which have been formed by a reaction between a sugar and 
one of a group of complex, cyclic compounds known as the antho- 
cyanidins. Known sugar components of the anthocyanins are glucose, 

galactose, rhamnose, and gentiobiose. 

A number of chemically different anthocyanins have been isolated 
from seed plants in which they are of widespread occurrence. They are 
also present in some species of ferns and mosses, but no anthocyanins are 
known to occur in the algae or fungi. The anthocyanins are water-soluble 
and are usually dissolved in the cell sap, the cytoplasmic membranes 
being impermeable to them. Less commonly these pigments are found in 
plant cells in the form of crystals or amorphous solid bodies. Red pig¬ 
mentation caused by anthocyanins is of frequent occurrence in flowers, 
fruits, bud scales, developing leaves, and less commonly, in stems, mature 
leaves (red cabbage, copper beech, red coleus, etc.) and other plant parts. 
The reds and purplish reds of autumn foliage also result from the presence 
of anthocyanins. Blue and purple pigmentation caused by anthocyanins 

is largely restricted to flowers and fruits. 

Anthocyanin pigmentation, especially of flowers, is a very complex phe¬ 
nomenon. Factors affecting the color of plant tissues resulting from 
anthocyanins include the concentration of the pigment present, the pro¬ 
portions of the different pigments when two or more are present in the 
cells, the modifying effects on color of the presence of other substances 
such as tannins and anthoxanthins (see later), the physical state of the 
anthocyanins (whether in solution or adsorbed), and the pH of the cell 
sap (Blank, 1947). Practically all anthocyanins are red in acid solution, 
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and many of them change in color through violet to blue as the pH of 
the medium increases. Because of the modifying effect of other factors 
listed above, however, this relation often does not show up in a clear-cut 

fashion 

Although anthocyanin pigments have been studied extensively in the 
laboratory from the chemical standpoint, very little is known of the mode 
of their formation in plants. The genetic capacity for anthocyanin syn¬ 
thesis differs considerably from one kind of plant to a "° thCT . E * e ™' 6 
investigations have been made of the inheritance of anthocyanin 
tation, particularly in relation to the coloration of 

crieff, 1939; Lawrence and Price, 1940). Synthesis of antbocyanins u l 
not occur in a plant, however, even if the necessary Benes are p ese 
unless environmental conditions are also favorable The format on o 
anthocyanins seems to be commonly assoc ated with accumulation o 
sugars in plant tissues. Any environmental factor such as high light ^ 
tensity, low temperature, drought, or low nitrogen supp y, f re 

an increase in the sugar content of a given p an issu > j 

synthesis of anthocyanin in that tissue. On the other hand, environmen 
factors which check the formation or accumulation of sugars often have 

similar effect on anthocyanin synthesis. , I t tissues 

Light influences anthocyanin synthesis directly in sonic PIan tissues. 

Autumnal red coloration, for example, usua y eve ops 

only in leaves which are directly expose.! to hgh 

showed that all visible wave lengths up to about 6 °° in t|)C , ate 

inducing anthocyanin synthesis in apple rui s pic re e ff ec _ 

summer, although the shorter wave lengths in us ra u n ra violet is 

live than the longer ones. The 290-313 mg range n the 

more effective than any of the visible wave lengths. I,n s<mi“ 

anthocyanins are synthesised in the absence of .'^he root S 0 f T n U m- 
example, in etiolated seedlings or red cabbage and n the roots 

ber of species, of wlnch the beet is tuc ^ ^ n | m „ st an y white flower 

to^r “ wm them to turn yellmw This ^ 

presence in such tissues of what may be ijgnr . j. jtc similar 

one of the anthoxanthins. These compoun s aic c f f glycosides, 

to the anthocyanins and usually occur in the 

Most of the anthoxanthins arc colorless or nearly t , )cir typica | 

plant but upon extraction and treatment m v .i ^ ^ ^ water . 

- - - - • s 

ESSt?vchrtbm, is an anthoxanthin called 
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quercitrin. Similar pigments occur in the wood of various other species 
(osage orange, sumac, etc.), and in certain fruits (oranges). Some flowers, 
as for example yellow snapdragons, owe their yellow color to anthoxan- 
thins. The color of most yellow flowers results, however, from the plastid 
pigments carotene and the xanthophylls. 

Autumnal Leaf Coloration. —The most spectacular display of pigmenta¬ 
tion in the plants of temperate regions is the annual autumnal coloration 
of leaves, especially of woody species. The “turning” of leaves in the 
autumn is not a result, as is commonly believed, of the effects of frost. 
In fact, early frosts will greatly reduce the abundance and brilliance of 
the autumn leaf colors by killing or severely injuring the leaves before 
the pigments reach their maximum development. The sequence of events 
leading to the coloration of leaves in the autumn seems to be about as 
follows: In late summer or early autumn chlorophyll synthesis in the 
leaves ceases, while the destruction of the chlorophyll already present 
apparently proceeds at an accelerated rate. As the chlorophyll disappears 
the residual yellow plastid pigments—carotene and xanthophylls—become 
apparent. The yellow color of the leaves of many species at this season, 
as for example, the tulip polar, sycamore, and birch, is a result of the 
disappearance of the chlorophyll which has masked the presence of the 
yellow pigments during the summer season. The golden yellow effect pro¬ 
duced in some leaves, such as those of beeches, results from the presence 
in the cells of a brownish pigment, probably a tannin, in addition to the 
yellow pigment. 

The more prominent colors in most autumn landscapes, however, are 
the various shades of red and purplish red which develop in the leaves 
of such species as the red maple, many oaks, sumac, dogwood and black 
gum. These result from the synthesis of anthocyanins in the leaf cells 
of such species. Autumnal development of anthocyanins is favored by 
periods of bright, clear, dry weather, during which cool, but not freezing 
temperatures, prevail. 

Tannins.— These are a rather heterogeneous group of complex com¬ 
pounds of widespread occurrence in plants. Very little is known of their 
physiological role in plant tissues, but they arc of importance commer¬ 
cially because of their property of forming an insoluble colloidal com¬ 
pound (leather) with the hides of animals. Some tannins cannot be 
hvdrolvzcd bv acids or bv nnv known enzvrae, others may be hvdrolvzed 
and yield complex acids, a sugar, commonly n-glucose, and sometimes 
other substances. The proportion of sugar found in the hydrolytic prod¬ 
ucts of the tannins is relatively small. While the tannins may be regarded 
as remotely related to the glycosides, their properties are distinctive as 
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DISCUSSION QUESTIONS 

1. Why does sweet corn lose its sweetness soon after being picked? 

2. Why should bananas not be kept in a refrigerator? 

3. Wild cherry leaves are much more poisonous to cattle after they have waited 

than when they are fresh. Explain. 

4. What, in general, will be the effect of girdling a stem through the phloem 

on the time of appearance and the intensity of red color in leaves of species in 

which anthocyanins are synthesized? 
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5 Heavy fertilization of red coleus plants with nitrogenous fertilizer greatly 
x neavy hu . ps What is a probable explanation, 

decreases the red color of the ■ black cherry, usually yellow 

general^ red at the® usual time of abscssmn m the autumn? 
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When seeds germinate in a dark room, the total weight of the develop¬ 
ing seedlings increases for a number of days, but their dry weight con¬ 
sistently decreases. This can be shown by calculating the dry weight of 
the seeds at the time of planting from a water content determination of 
other seeds from the same batch and determining the dry weight of the 
resulting seedlings after they have been allowed to develop for several 
weeks. For example, Boussingault found many years ago that the dry 
weight of ten pea seedlings allowed to develop in the dark was 1.076 g. 
while the dry weight of the original seeds was 2.237 g. In other words, 
1.161 g. or 52 per cent of the dry substance initially present in the seeds 
disappeared during the course of the experiment. By chemical analysis it 
can be shown that the loss of dry weight of seedlings growing in the 
absence of light results entirely from the disappearance of a portion of 
the stored foods in the seed. The gain in total weight of such seedlings 
is a consequence of the absorption of water which occurs during the early 
stages of germination in quantities far surpassing any loss of dry weight 
resulting from the disappearance of foods. The quantity of mineral salts 
absorbed by young seedlings in the course of a week or two is usually too 
small to have any appreciable effect upon either their dry or total weight. 

If seedlings developing in the dark are enclosed in a chamber which is 
constructed so that a slow, continuous stream of air can be passed through 
it, and frequent analyses made of the air, it can be demonstrated that 
the air emerging from the chamber contains a lower percentage of oxygen 
and a higher percentage of carbon dioxide than the air which entered. 

Furthermore, if such seedlings are enclosed in a calorimeter, and other 
suitable precautions taken which will be described later, it can also be 
shown that heat—which is one kind of energy—is continuously escaping 
from them. 
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AH of these phenomena-^lisappearance of food resulting in a to 
of respiration which occurs, not only in germ.natmg seeds and seedhng 

= 

erence t^higher aSsTterm?essentially 'synonymous with ‘'breath- 

However, as shown in the latter discussion^ gaseous exchanges^ the 

usual type are not ^“'"TyK™ always used in respiration. 

dioxide is not always fundamentally acceptable 

Furthermore, plants ne\er < , • n ular statements to 

sense of the word, frequently popu ar an plant physiologists use 

the contrary notwithstanding, or icse * e ‘ ■Nation of foods in 

the term “respiration” primarily to refer to the oxidation^ ^ 

living cells with the resulting re C f s be ot °i ie r n tha n t hose which are oxidized 
leased is transferred to compounds nroccsscs. The forma- 

and some is used in themolecules which occurs during the 
tion of certain kinds of high y respiration. These fun- 

course of the Retail 

proceeds at the expense c . g ^ of common occurrence m plant 

known as anaerobic^ resp namc indicates, does not require at- 

cells. Anaerobic rcspiratio , . presence. The basic difference 

mospheric oxygen but may occ atmospheric oxygen partici- 

between the two Kinds of hut not 

pates as a reactant m> some oM£ is strictly anaerobic. 

tvh a cn y thc a Term ts^Tuaed without Cualification it usually 

" On the ^^rThexose is the substrate, the « chemical 
equation for aerobic respiration is: 

C«HijO« + 6 O, - 6 CO, + 6 H.O + 073 kg.-cal. 
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The value 673 kg.-cal. 1 is based on the assumption that glucose is the 
hexose oxidized. However the quantity of energy released by the oxida¬ 
tion of other hexose sugars deviates only slightly from this value. This 
equation is exactly the reverse of the photosynthetic equation and the 
same quantity of energy is required in the synthesis of one mol of a 
hexose sugar as is released when one mol of it is oxidized in respiration. 

The oxidation of a hexose in plant cells does not take place in a, single 
step as indicated in this convenient summary equation. The possible 
intermediate steps in the respiratory process are considered in the next 
chapter. This equation merely tells us that for the oxidation of one mol 
of a hexose, six mols of oxygen are required; that six mols each of car¬ 
bon dioxide and water result from this oxidation; and that 673 kg.-cal. 
of energy are released. Since equimolar weights of gases occupy the same 
volume (Avogadro’s hypothesis) the volume of oxygen consumed when a 
hexose is oxidized is equal to the volume of carbon dioxide released. 

The water formed as a result of respiration becomes a part of the 
general mass of water present in the respiring cells. Since it is seldom 
possible to measure experimentally the quantities of water released in 
respiration, the conclusion that it is an end product of this process is based 
largely on theoretical considerations. The water produced in respiration 
is often termed metabolic water. 

Hexose sugars are most commonly the substrates which are oxidized 
in the cells of higher green plants. When plant cells contain both carbo¬ 
hydrates and fats, the fonner apparently are consumed first in respira¬ 
tion, before any inroads are made upon the fats. V hen fatty seeds are 
allowed to germinate in contact with a sugar solution it has been found 
that the sugar is oxidized first. When fats serve as the respiratory sub¬ 
strate in plants they must first be hydrolyzed to fatty acids and glycerol 
before oxidation can proceed. Utilization of proteins in the respiration 
of plant cells does not appear to occur commonly except in tissues which 
have been depleted of carbohydrates and fats. In starved leaves, for ex¬ 
ample, proteins are hydrolyzed to amino acids, which are then oxidized, 
a process which is commonly accompanied by the synthesis of asparagine 
and other amides. Subsequently oxidation of the amides may occur re¬ 
sulting in the release of ammonia in plant tissues (Chap. XXVI). Under 
such conditions it is believed that the protoplasmic proteins may them¬ 
selves be hydrolyzed and oxidized. 

In most plant organs the rate of respiration is relatively so slow that 

’This value represents the heat of combustion of the reaction. The actual decrease 
in free energy (calculated from chemical affinities) in this reaction under “biological 
conditions” is 710 kg.-cal. (Wohl and James. 1042). ‘ 
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any 

escapes detection. The evolution ° em ““ gtrated under natural conditions, 
plant organs can however excess of the surro unding atmosphere 

Temperatures as high as 15 ^ ^ ^ c&bbage (S ymplocarpus 

have been found in the spad dices of Arum itaheum 

,wHIU. ,h. ^ —•ySr*,*. by as 
have been sho\ui to soi regarded as an extreme ex- 

much as 36°C. This lattei, i°" c ' , temperature of a plant organ 

ample. Such a self-induced mere respiration and other meta¬ 

in itself results in an increase in the rate 

bolic processes occurring "most easily by 
Heat release during re>i relatively high rate of respiration in a 

enclosing plant materia ' rapidly growing stem tips, opening 

ealorimeter. Among such stages in their develop- 

buds, floral parts (csptcia lattcr arc most frequently used. To 

ment), and germinating sec< flasks or thermos bottles are par- 

conduct the demonstration tw ? d s thc other with an equal mass 

tially filled, thc one with germina g before starting the ex- 

of germinating seeds which ia , wit h cotton through which 

periment. The calorimeters ^ tcml)era ture changes are noted over 
is inserted a thermomc . « obtained are to be considered at all 

a period of time. H the must be sterilized at 

critical, the seeds and all V™' othcnvisc most of the temperature 

the beginning of the dctu * ’ Ration of micro-organisms. Such a 

rise observed will resu ro t during the respiration of such organ- 

rise indicates the evolution as a demonstration of heat release 

isms, but invalidates t ie ^ x,,< rl set up experiment of this type, the 
by the seeds. In general, in a i w ill rise to a value consider- 

temperature within the mass o 8 oncs . The sterilized dead 

ably in excess of that recon« ^.“^perature. In such experiments 
seeds will show little or no 6 relcasc heat with sufficient rapidity as 

is ,r ...—> ■—- 

terms of calories per unit of time . |m is Rcner ally expressed in 

Although the energy n c “ g or k ii ogra m-calories), not all of the 

tenns of heat units h.e., portion of the energy which is released 

energy is evolved as beat ThaM ^ re8piration 0CC urs. It is pure waste 

as heat is all lost to c 1 the plant with energy and is rough > 

from the standpoint of supply g 
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analogous to the frictional loss of energy in a machine. In warm-blooded 
animals, in contradistinction to plants, the heat released in the respira¬ 
tory process is important in maintaining the body temperature. 

Energy becomes manifest in living cells as well as in inorganic systems 
as chemical energy, heat energy, radiant energy, surface energy, mechan¬ 
ical energy, potential energy, etc. All of the energy released from mole¬ 
cules during respiration represents radiant energy which was previously 
entrapped in the process of photosynthesis. Upon release this energy may 
be transformed into any of the kinds listed above. 

In young, growing tissues a significant proportion of the energy of 
respiration is not released as heat, but takes other manifestations. The 
most important way in which such energy is used, especially in younger 
cells, is in certain synthetic processes. Among these are the syntheses of 
fatty and amino acids, glycerol, and acetaldehyde. In all of these reac¬ 
tions the releasable energy of some of the products of the reaction is 
greater than that of a molecularly equivalent quantity of hexose. In other 
words, in such syntheses, chemical energy is transferred by the oxida¬ 
tion of certain molecules (usually hexoses or derivatives therefrom) to 
other molecules which thereby become enriched in chemical energy. Most 
such molecules are highly'reactive, and the reactions in which they par¬ 
ticipate lead to the synthesis of a number of important compounds in 
plants. 

Among the other energy-requiring processes occurring in plants, es¬ 
pecially in younger organs or tissues, are the migration of the chromo¬ 
somes and other cell constituents during cell division, streaming of the 
protoplasm, accumulation of solutes by cells (Chap. XXIV), transloca¬ 
tion of solutes (Chap. XXVII), growth of stems in opposition to gravity, 
growth of root tips against the frictional resistance of the soil, and main¬ 
tenance of differences of electrical potential in plants. Although most, if 
not all, of the energy used in these processes comes from respiration, the 
amounts used in such processes are very small relative to the total energy 
output of respiration. 

In mature plant tissues practically all of the energy released in respi¬ 
ration escapes as heat (Wohl and James, 1942). Although there is some 
difficulty in visualizing the role which respiration plays in such tissues, 
continuation of the process is essential, death of the cells in most mature 
plant tissues soon ensuing if they are deprived of oxygen. Maintenance 
of the controlled chains of reactions (Chap. XXII) which constitute the 
respiration process can only be accomplished by the stepwise transfer of 
energy from molecule to molecule. Even though most of the energy in¬ 
volved is ultimately released as heat it appears that maintenance of these 
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reaction chains is necessary if the protoplasm is to remain in a living 

condition. . 

However, not all plant processes rely upon the energy derived from 

respiration for their motive power. Transpiration, for example, is essen¬ 
tially a modified evaporation process, and the energy used in the vapor¬ 
ization of water mostly comes cither directly from the radiant energy of 
sunlight, or from the heat energy of the surrounding atmosphere. 

Methods of Measuring Respiration.— Respiration rates are usually meas¬ 
ured in terms of the rate of oxygen consumption, or the rate of carbon 
dioxide evolution, or both. Rates of carbon dioxide release are more com¬ 
monly determined than rates of oxygen consumption, since the eheinica 
and physicochemical methods of detecting changes in the rates of carbon 
dioxide evolution are easier to work with. Respiration rates arc often 
determined by enclosing the plant in a suitable chamber through which 
air is allowed to flow at an appropriate rate. The carbon dioxide in ti 
effluent gas stream can be precipitated as BaCO a by bubbling the gas 
through a solution of Ba(OHt». The quantity of this compound formed 
can lie measured either volumetrically <«.«., by titration), grav,metrically 
(by determining the weight of BaCO* precipitate formed, or by measur¬ 
ing the rate of change of electrical conductivity of the BalOH solution. 
A commonly used variation of this method is to pass the effluent g s 
stream through a NaOH solution (usually about 0.2 M. At the: end of h 
experimental period the Na 2 C0 3 formed is precipitated as BuCO : , with a 
saturated BaCk solution and its quantity determined by titration, ron 
the quantity of carbonate formed under any of these procedure, the 
amount of carbon dioxide which has been evolved from the plant tissue 
can be calculated. In all such methods it is also necessary c er o re¬ 
move the carbon dioxide from the gas stream before it passes > td rough \ 
plant chamber or else to make a cheek analysis of its carbon dioxide 

'“is desired to determine carbon dioxide liberation and oxygen^ con¬ 
sumption simultaneously, the simplest procedure.s to collect the g 
stream in a reservoir after it has passed through the plant chamber and 
analyze it for the proportions of these two gases present. If the volume 
r^h of these gase"which has passed into the plant chamber ,s also 

known the gaseous exchanges of the plant can be computed 

Rites of respiration are expressed in terms of either carbem -box.,e 

evolution or oxygen consumption per unit of tune and are usually cal 

culated on the basis of a unit dry weight of tissue. Obviously accurate 

ix f rf.enirfttion rates of chlorophyllous plant oigans can 

determinations of respiration ran. / .. , ; s 

be obtained only if they are enclosed in a respiration chamber »>»ch is 
impervious to light. 
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Some caution must be exercised, however, in accepting the rate of car¬ 
bon dioxide release or of oxygen consumption as an index of respiration. 
The most fundamental measures of respiration would be the rates of 
energy release or transfer, or of the formation of highly reactive com¬ 
pounds. Neither the rate of carbon dioxide release nor the rate of oxygen 
consumption is invariably a consistent index of the rate at which the 
fundamental transformations of respiration occur. This is especially true 
when comparisons are being made between aerobic and anaerobic respi¬ 
ration, between tissues in which different substrates are being oxidized, 
or between a given tissue under one set of conditions as compared with 
that same tissue under a markedly different set of conditions. A certain 
rate of carbon dioxide release, for example, from a tissue which is respir¬ 
ing largely anaerobically is not an index of the same amount of respira¬ 
tion as the same rate of evolution of carbon dioxide from an equivalent 
amount of tissue which is respiring aerobically. For a given plant tissue, 
however, over a range of not too widely differing environmental condi¬ 
tions, either rate of carbon dioxide liberation or oxygen consumption is 
a convenient and usually a fairly accurate index of respiration. 

Comparative Rates of Respiration.—Rates of respiration as expressed 
either in terms of oxygen consumption or carbon dioxide liberation vary 
greatly, depending upon the plant organ or tissue and the environmental 
conditions. Since the seat of respiration lies in the protoplasm a correla¬ 
tion often exists between the proportion of protoplasm present in a tissue 
and the intensity of the respiration process in that tissue. As a general 
rule, respiration rates are found to be greatest in meristematic tissues, 
such as growing root or stem tips or the embryos of germinating seeds. 
It is precisely in such tissues that the proportion of protoplasm is greatest 
in relation to the total dry weight of the tissue. In mature tissues, such 
as photosynthetically active leaves, a larger proportion of the dry weight 
of the tissue mass is composed of inert cell-wall materials, hence the 
respiration rates of such tissues, expressed in the usual terms, are almost 
invariably less than those of meristems under comparable conditions. 
Senescent tissues, such as yellowing leaves or ripe fruits in which the 
proportion of protoplasm to dry weight is still smaller, generally have 
lower rates of respiration than the same tissues had when in a mctabol- 
icallv active condition. The lowest rates of respiration are found in dor¬ 
mant seeds and spores, a marked increase in the rate of respiration being 
one of the striking physiological aspects of germination. The relatively 
slow rate of respiration in such structures is not, however, primarily the 
result of a low proportionate amount of protoplasm, but of other factors, 
among which deficient hydration of the tissues is one of the most impor¬ 
tant. 
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Representative rates of respiration for a number of plant organs are 
listed in Table 30. Even for the plant parts tabulated these rates are to 
be regarded as only approximations, since the rate for any one plant organ 
or tissue is subject to marked fluctuations due to the influence of various 
internal and external factors. 


TABLE 20 —RESPIRATION RATES OF VARIOUS PLANT TISSUES IN TERMS OF VOLUME OF OXYCEN 
ABSORBED OR VOLUME OF CARBON DIOXIDE RELEASED IN 2 4 HOURS PER CRAM OF DRY 
WEIOHT (FROM DATA COMPILED BY KOSTYCHEV, I927) 


Plant 

Organ 

Tempera¬ 

ture 

Respiration Rate 

Wheat ( Triticum saiirum) . 

Red Clover ( Trifolium pratense) . 

Rice (Oryza saliva). .. 

Mint ( Mentha aquatica) . 

Lilac ( Syringa vulgaris) . 

Linden ( Tilia europea) . 

Lettuce (Lactuca saliva )......... 

Poppy ( Papaver somnijerum) . 

Mold (. Aspergillus niger) . 

Young roots 
Leaves 

Young roots 
Roots 

Leaf buds 
Leaf buds 
Germ, seeds 
Germ, seeds 
Mycelium 

15-18° c. 
20-21° 
14-17° 

18-19° 

*5° 

16° 

16° 

67.9 cc. Oi absorbed 
«« •« •* 

27.2 

«« 44 44 

44-4 

37-2 . 

35.0 cc. COj liberated 

66.0. 

82.5 . 

122.0 “ 

1800 . 


The Compensation Point.— In the leaves or other chlorophyllous tissues 
the rate of photosynthesis usually exceeds the rate of respiration during 
the daylight hours. In maize, for example (Table 25), the rate of photo¬ 
synthesis during the daylight hours is, on the average, about eight times 
the rate of respiration. (See also Fig. 104 for similar data on alfalfa.) 
The carbon dioxide released in respiration is re-utilized by thecclls 
photosynthesis, but since the latter process is occurring more rapidly than 
the former, additional carbon dioxide is continuously diffusing into the 
plant from the outside environment. Similarly photosynthesis produc 
more oxygen than is used in respiration, the surplus diffusing out of c 
plant. Hence during the daylight hours, as long as condition h'orabfo 
for photosynthesis prevail, there is a net movement of carbon dioxide 
into the green parts of plants, and a net loss of oxygen from them- Un¬ 
der such conditions the occurrence of the gaseous exchanges accompany- 
ing respiration in green leaves is completely masked. 

At night or in the dark the reverse condition obtains, oxygen moving 
into the green parts of a plant and carbon dioxide passing out of them. 
Similar gaseous exchanges are characteristic of the non ;S rcc» n f 
a plant, whether in the light or in the dark. The magnitude of the gas¬ 
eous exchanges occurring between a green plant organ and ’* 9 °™ r °' 
ment in the absence of light arc usually less than those which generally 
take place—but in the opposite direction—in its presence. 
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Since at low intensities light is usually the limiting factor in photo¬ 
synthesis it is evident there should be a certain light intensity at which 
the rate of photosynthesis and the rate of respiration in a leaf or other 
chlorophyllous organ are exactly equal. At this light intensity, often 
called the compensation point, the volume of carbon dioxide being re¬ 
leased in respiration is exactly equal to the volume being consumed in 
photosynthesis, while the opposite is true for oxygen. In other words, at 
the compensation point apparent photosynthesis is zero. The light in¬ 
tensity corresponding to the compensation point varies considerably with 
different species of plants. The compensation point for any one species 
is also influenced by various environmental factors, especially tempera¬ 
ture, and is markedly affected by the conditions to which the leaves or 
other photosynthetic organs have been exposed during their development 
Compensation points have been measured more extensively in submersed 
aquatics than in land plants. Meyer et al. (1943) found the compensation 
point for a number of such species to be of the order of 1-2 per cent of 
the intensity of full midday summer sunlight. The leaves of some shade 
species of land plants also have compensation points of approximately 
this magnitude, but in sun species the compensation point is usually 
higher. 

No plant can survive indefinitely in nature at the light intensity of 
the compensation point. Under such conditions there is no photosynthesis 
which compensates for night respiration. Also, the compensation point is 
usually measured only for the leaves or aerial organs of the plant, no 
allowance being made for the respiration of the roots or other under¬ 
ground organs. Hence the actual minimum light intensity at which any 
species could survive in nature would necessarily be somewhat greatei 
than the compensation point. As shown in Fig. 99, the minimum light in¬ 
tensities for the survival of several species of conifers lie within a range 
of 1-6 per cent. Compensation points for these species would presumably 
show a slightly lower range of values. 

The Respiratory Ratio.— The ratio of the volume of COj released to the 
volume of ()•_. absorbed in the respiratory process is termed the respira¬ 
tory ratio or quotient. When complete oxidation of a hexose sugar occurs, 
as already pointed out : 

C() 2 _ . 

0 2 

The respiratory ratio for any plant or plant part can he determined by 
making parallel measurements of the rates of carbon dioxide release and 
oxygen consumption. 

The respiratory ratio of germinating seeds in which the accumulated 
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foods are principally in the form of carbohydrates is invariably found to 
be approximately one as long as oxygen has free access to such seeds. 
This is true, for example, of the germinating grains of practically all of 
the cereals (wheat, maize, oats, etc.). Similarly the respiratory ratios for 
the leaves of many species of plants have bpen found to be in the neigh¬ 
borhood of one (Table 31), and flowers usually have a respiratory ratio 
of approximately one (Pringsheim, 1935). The proportion of the volume 
of carbon dioxide evolved to the volume of oxygen absorbed may vary 
greatly from a unit value, however, depending-upon the respiratory sub¬ 
strate, the completeness of the oxidation, and other conditions. Many 
studies have been made of the respiratory quotient of vanous plant or¬ 
gans. Most such investigations have dealt with germinating seeds. The 
principal internal conditions under which it has been found that the re¬ 
spiratory ratio of the higher green plants deviates from one are as follows: 


TABLE II— RESPIRATORY RATIOS Of THE LEAVES OF VARIOUS SPECIES 

(data of maquenne and demoussy, 1913) 


Begonia 

i.u 

Castor Bean 


Chrysanthemum 

K .02 

Corn (maize) 

1.07 

Grape 

1.01 

Lilac 

1.07 


Pea 

1.07 

Pear 

I . lo 

Privet 

i -°3 

Rose 

I .07 

Tobacco 

i 03 

Wheat 

1 °3 


1 Respiration of Compounds in Which the Proportion of Oxygen to 
Car Lon Is Relatively Low as Compared with Hexoses.-TUc P™Port,onof 
oxygen to carbon is invariably less in fats than in carbohydrates. Many 

studies of the respiratory ratio of seeds in which the ss 
mostly in the form of oils have shown that the respiratory ratio of such 
seeds Is always less than one. The following summary equation repress 
the complete oxidation of tri-palmitin, a representative fat. 

CoH.,0. + 72.5 O, - 51 CO, + 49 H.O + 7590 kg.-cal. (approx.) 

Actually fats, being insoluble compounds, are not oxidized directly as 

indicated In the above equation, but only after hydrolysis to fatty acids 
. , i (Chap XXIII) and probably only after further conversions 

: £ !£«» or’ related compounds. Regardless of the exact 
™ of the respiratory process, however, the sequence of reactions fol¬ 
lowed will require the absorption of oxygen in excess of the quantity o 
calbon dloxTd" released. The summation effect, therefore, of the various 
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reactions involved in the respiration of fats will be a respiratory ratio of 
less than one. 

Similarly oxidation of the hydrolytic products of the proteins results 
in a respiratory ratio of less than one (usually 0.8-0.9) since t.he propor¬ 
tion of oxygen to carbon in such compounds is less than in carbohydrates. 

2. Respiration of Compounds in Which the Proportion of Oxygen to 
Carbon Is Relatively High as Compared with Hexoses.— In some species 
of plants, particularly those of the succulent habit of growth, organic 
acids are often oxidized. Such compounds arc relatively rich in oxygen 
as compared with carbohydrates. The equations for the complete oxida¬ 
tion of oxalic and malic, two of the common plant organic acids, are as 

follows: 

COOH 

2 | + O, — 4 C<) 2 + 2 H 2 () + 60.2 kg.-cal. 

COOH 

Oxalic acid 

COOH 

CHOH + 3 0 2 -^4 CO, + 3 H 2 0 + 320.1 kg.-cal. 

| 

CHo 

COOH 

Malic acid 

The theoretical respirator}’ ratio for oxalic acid is therefore 4; for malic 
acid % or 1.33. For tartaric acid, another organic acid which occurs in 
plants, the respiratory ratio is 1.6. Oxidation of any compound of this 
type results in a respirator}’ ratio in excess of one. 

3. Occurrence of Oxygen Liberation or Utilization without Correspond¬ 
ing Carbon Dioxide Consumption or Release. —As seeds which store fats 
mature, simple carbohydrates are converted into fats. Oxygen is elimi¬ 
nated in this process without any corresponding utilization of carbon 
dioxide, since the molecules of fats contain much less oxygen in proportion 
to the carbon and hydrogen present than do the molecules of sugars. The 
freed oxygen serves as an internal supply which can be transferred to 
other molecules in respiration. The volume of oxygen absorbed by seeds 
from the exterior atmosphere during this period will hence be less than it 
otherwise would be, and the respirator}’ ratio is theoretically greater than 
one. This expectation has been confirmed for the seeds of a number 
of species in which fats accumulate; for example the respiratory ratio 

of maturing flax seeds is about 1.22. 

Essentially the opposite situation prevuils during the germination of 
fatty seeds in which very low respirator}' quotients sometimes prevail 
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after several days. Murlin (1934), for example, found values for the 
respiratory ratio of germinating castor bean seeds as low as about 0.3 and 
explained this finding on the assumption that transformation of fat to 
sugar—an oxygen-consuming process in which no carbon dioxide is re¬ 
leased—is proceeding much more rapidly than oxidation of sugar. 

A situation similar to the last obtains in many succulent species in 
which incomplete oxidation of sugars to organic acids occurs. In species 
of the Crassulaceae, for example, some of the sugar present is often 
completely oxidized to malic acid: 


2 C,H„0, + 30,-3 C.H.O, + 3H.O + 386 kg.-cal. 

Other organic acids arc formed in succulent species as a result of similar 
respiratory processes. The synthesis of such compounds requires ac¬ 
tion of oxygen for which there is no corresponding evolution of carbon 
dioxide. Such metabolic conditions will obviously result in an apparent 

r Toc 0 e™' 5 CarlTDioxide Utilisation or Liberation ftkaut 

Corresponding Oxygen Release or Consumption.-The 

phyllum and some other species make direct use of e 

sorbed in the dark in the synthesis of organic acids 'Cha i AXII+ The 

effect of the occurrence of this process would be to give such leaves 

apparent respiratory ratio of less than one. 

Release of carbon dioxide without any corresponding utilizaon of a 
mospheric oxygen is characteristic of anaerobic res^atw„ ,h.cb occui. 
in higher green plants under certain conditions. Sometime., I " 
whcn*the oxygen Supply is deficient, both aerobic and ^'reTS 
tion occur simultaneously in a plant tissue. . ome p j T the 

anaerobically, while others are carrying on aerobic ^ 

«* «* r;:«: SL. 

impermeable to oxygen, such as tho I ’. , » rcor proportion 

bic respiration may be carried on, accompanied a P«o, o, 
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bulky tissues, is that at higher temperatures oxygen does not gain access 
to the cells fast enough to keep up with the accelerated rate of respira¬ 
tion, and there is a partial substitution of anaerobic for aerobic respira¬ 
tion. Another environmental factor which affects the magnitude of the 
respiratory ratio is the carbon dioxide concentration of the atmosphere 

(Table 32). 

The principal justification for study of the respiratory quotients of 
plants is that the results of such investigations afford important clues 
regarding the nature of the respiratory process itself. Certain inferences 
regarding the type of substrate being oxidized, transformations in the 
foods present in cells, and even the chemical mechanism of respiration 
can often be drawn from the results of determinations of respiratory 
ratios. Some caution is always necessary, however, in interpreting the 
results of such experiments. A number of different processes are often 
occurring simultaneously in plant cells, each of which will influence the 
magnitude of the respiratory ratio. Several types of substrates may be 
undergoing oxidation concurrently, or other reactions may be occurring 
which affect the oxygen or carbon dioxide intake or output of cells. If 
one of these several reactions is strongly predominant, it will in the main 
determine the value of the respiratory ratio, and the quotient will be a 
valid indicator of the nature of the respiratory process. If, on the con¬ 
trary, several different processes are proceeding at approximately equal 
rates, their net influence on the gaseous exchanges of the tissue may be 
such that the apparent respiratory ratio will bear no relation whatever 
to any one of the processes and may even lead to entirely erroneous in¬ 
ferences. 

Factors Affecting the Rate of Aerobic Respiration.—A number of factors, 
some internal, others external, are definitely known to influence the rate 
of respiration of plant cells. Under some conditions the pathway of the 
respiration process, as well as its rate, may be influenced by prevailing 
factors. Whenever the magnitude of the respiratory quotient changes with 
a shift in one or more of the factors influencing respiration, this is evi¬ 
dence that a change in the pathway of the respiration process has oc- 
curred. Such an effect of temperature has already been discussed in the 
preceding section, and a similar effect of carbon dioxide concentration is 
illustrated in Table 32. Other examples of this effect are the action of 
certain chemicals, such as cyanides, which inhibit aerobic respiration, but 
in at least some plant tissues do not inhibit anaerobic respiration (Chap. 

XXII). 

1. Protoplasmic Conditions. —Young, meristematic tissues, which are 
relatively rich in protoplasm, usually have higher rates of respiration 
than older tissues in which the proportion of cell walls is greater. Not 
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only is the gross amount of protoplasm present a factor, but various in¬ 
ternal conditions in that protoplasm also influence the respiration rate. 
In view of our incomplete knowledge of the physicochemical structure 
and dynamics of the protoplasm, the influence of onl> a few o t lese 
protoplasmic factors can be recognized at the present time. One of t lese 
is the degree of hydration of the protoplasm. The effect of this factor 
will be discussed later under a separate heading. The quantities and kinds 
of respiratory enzymes (Chap. XXII) present in the protoplasm un¬ 
doubtedly are also factors which affect the rate of respiration. 



Fio. 109. Relation between time, te mp c ratvire, 

seedlings. Dotted lines represent period during I . (1923). 

was changed from 25*C. to indicated temperatures. Data of Fernando U 


2. Temperature .—As is true of most other biological processes tem¬ 
perature effects upon the rate of respiration are ra ur ° increase 

eral, within certain limits, increase in tempera urc res•• reactions 

in the respiration rate. As in photosynthesis am in tempera- 

a definite time factor effect is often evident (Fig. 1091. I 

a definite tune lactor^en . in temperature resulted in an 

increase in the initial rate of respiration of the pea scedli g , 1 ' 

tures above approximately 30“C. the rate of respiration showed 
crease with time which became more marked the higher the temperature. 

Z The pea seedlings used in this experiment the optimum tempera¬ 
ture would appear to be about 30°C., as this is approximately the max¬ 
imum temperature at which there is a maintained rate of respiration, he 
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optimum temperature lor respiration, considered in this sense, is not the 
same for all plant tissues. For some it is clearly higher than the value 
obtained in this experiment with pea seedlings and for others it is lower. 

The exact nature of the “time factor” which becomes increasingly effec¬ 
tive in causing reduction in the rate of respiration with rise in tempera¬ 
ture is unknown. One of the seemingly more probable explanations is 
that this effect results from a progressively more pronounced inactivation 
of enzymes with increase in temperature. Other possibilities are: (1) 
oxygen may not gain access to the cells fast enough at higher tempera¬ 
tures to permit maintenance of the respiration rate, (2) carbon dioxide 
may accumulate in the cells in such concentrations at higher tempera¬ 
tures as to check the rate of respiration, and (3) the supply of oxidizable 
foods may be inadequate to maintain high rates of respiration. 

As the temperature is decreased below 0°C\, the rate of respiration 
gradually diminishes until it becomes imperceptible. Measurable rates 
of respiration have been recorded, however, in some plant tissues at tem¬ 
peratures as low as — 20°C. 

The of respiration for plant tissues within the temperature range 
1()°-30°C. is usually between 2.0 and 2.5. At temperatures below 10°C., 
higher Q\o values have been found for a number of tissues (Platenius, 
1942). Above 30°C., determination of the Qio values for plant respiration 
with any degree of certainty is difficult because of the time factor effect. 

The temperature to which a plant organ is exposed sometimes has im¬ 
portant indirect effects on the rate of respiration. Y\ hen the temperature 
of a potato tuber is lowered from a few degrees above to about 0°C., the 
respiration rate increases. According to Hopkins (1921) this is a result 
of the effect of low temperatures in causing a shift in the starch-sugar 
equilibrium toward the sugar side (Chap. XX). Increase in the quantity 
of respiratory substrate in plant cells results in an increase in the rate of 
respiration whenever it is the limiting factor, a condition which appar¬ 
ently obtains in potato tubers under these conditions. Similar indirect 
effects of temperature upon the rate of respiration are probably of fre¬ 
quent occurrence in other plant tissues. 

3. Food .—As a general rule increase in the soluble food content of 
plant cells results in an increase in the respiration rate up to a certain 
point at which some other factor becomes limiting. One example of the 
effect of the concentration of foods in cells upon the rate of respiration 
has just been described in the previous section. The effect of this factoi 
on respiration rates can also be demonstrated in etiolated leaves. For 
example, Palladin (1893) found that 100 g. of carbohydrate deficient 
etiolated bean leaves released an average of 89.6 mg. of carbon dioxide 
per hour at room temperature. After floating the same leaves upon a 
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sucrose solution for two days, during which considerable absorption of 
sugar occurred, the average rate of carbon dioxide release increased to 

Ch^gen Concentration of the Atmosphere.— The effect of the oxygen 
concentration of the atmosphere on the rate of respiration vanes with the 
kind of tissue, concentration of oxygen, period of exposure and other 
prevailing environmental conditions. The apparent magnitude of the 

whether carbon dioxide output or oxygen intake is used as the index o 
resniration Variations in the oxygen content of the aerial atmosphere 
are too slight to have any “PP-iab.^t^s,,^ m e^ this 

Zpherconclntration, effects on rates of respiration are small or neg- 
li8 Choudhury (1939. found that the rate of carbon dioxide output of 

UonTfrom ^''cenb WUh 

trations below atmospheric, the rate showed n 

decrease in concentration. With carrot roots ,m«da>•*» ’ c 
tained at oxygen 

r:" srrs m. ^ 

— - 

and carrot roots. differences in the relation be- 

One of the factors account g n-^oiration is the usual at- 

tween oxygen concentration > am t ““ ™ ^ q{ tissuc8 in which the 

mospheric rate of respiration. T 1 example, in potato tubers 

usual atmospheric rate is relative y ow <^• concentration than 

-appears to be less affected by a lo"cnnt °* o > K 

that of tissues in "Inch the in the effect of oxygen con- 

Anothcr factor accounting capacity of so me tissues than 

centration on respiration s g , f t » • e ff cc t is the contrast- 

others for anaerobic respiration. ” "j*® (Xavlor, 1942). At low oxygen 

ing behavior of "heat an nee s * ^ 'seedlings was much greater 

total absenCC ° f ° XygCn ’ Carb ° n 



410 


RESPIRATION 


dioxide output of wheat seedlings was only about half that in air, while 
that of rice seedlings was about 50 per cent greater than in air (Fig. 110). 
The difference in the behavior of these two kinds of seedlings is ascribed 


to the possession by rice seedlings of a much more effective anaerobic 
respiration system than is possessed by wheat seedlings. On the other 



O IJ 52 78 K>4 20 -B 


PER CENT OXYGEN 

PER CENT OXYGEN IN ATMOSPHERE 

Fig. 110. Relation between oxygen con¬ 
centration and respiration and fermenta¬ 
tion of wheat and rice seedlings. Data of 

Taylor (1942). 


hand, if oxygen consumption was 
used as the index of respiration, 
this was greater at low oxygen 
concentrations in the wheat seed¬ 
lings than in the rice seedlings. 
An effect similar to that in rice 
seedlings has been shown in 
slices of carrot root tissue by 
Marsh and Goddard (1939). 
With decrease in oxygen concen¬ 
tration below 5 per cent, carbon 
dioxide output of this tissue in¬ 
creased, but its oxygen consump¬ 
tion decreased. 

5. Carbon Dioxide Concentra¬ 
tion of the Atmosphere .—The 
effect of carbon dioxide concen¬ 
tration on respiration, like that 
of oxygen, differs with its con¬ 
centration, the kind of tissue, the 
period of exposure, and other 
prevailing environmental condi¬ 


tions. As with oxygen, usual at¬ 
mospheric fluctuations in carbon dioxide concentration of the aerial atmos¬ 


phere are not sufficient to have appreciable effects on respiration rates, 
but the contrary is true of the soil atmosphere. 

In a study of white mustard seedlings it was shown that the rate of 
respiration decreased with increase in carbon dioxide concentration (Table 
32). This effect was shown whether respiration was measured in terms of 
carbon dioxide release or oxygen absorption. The decreasing effect on the 
rate of carbon dioxide release was more marked than on the rate of ab¬ 


sorption of oxygen. Hence the higher the carbon dioxide concentration of 
the atmosphere, the lower the respiratory ratio. 

The rate of respiration of other plant tissues, on the contrary, is in¬ 
creased when they are exposed to relatively high concentrations of carbon 
dioxide. For example, Thornton (1933) studied the rate of respiration of 
potato tubers at 25°C. in various concentrations of carbon dioxide. The 
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initial concentration of oxygen in the atmosphere was 20 per cent in all 
experiments. Exposure of the tubers to concentrations of carbon dioxide 
in excess of about 20 per cent for periods of greater than 20-24 hr. re¬ 
sulted in a marked increase in respiration rate as measured in terms of 
oxygen consumption. In 60 per cent carbon dioxide the rate of respira¬ 
tion sometimes exceeded that of the controls by more than 200 per cent. 
This increased rate of respiration is undoubtedly to be explained, at least 
in part, by the increase in the concentration of sugar which occurs in 
the cells under such conditions. Shorter periods of exposure of the potato 
tuber to high concentrations of carbon dioxide resulted in a decreasing 
rather than an increasing effect upon respiration. Similar effects of high 


TABLE 12— EFFECT OF CARBON DIOXIDE CONCENTRATION UPON THE RATE OK RESPIRATION Of 
ce 3 rLnatin? WH ite mustard seeds, initial conxentrat.on of o, in each experi¬ 
ment 20 PER CENT. DURATION OP EXPERIMENTS, 14 HOURS. (DATA OK KID , IQ 



Percentage of CO* initially present 

0 

IO 

20 

30 

40 

80 

COj evolved (cc.). 

Oj absorbed (cc.) 

Respiratory ratio . 

5« 

7' 

0.82 

48 

57 

0.84 

3« 

0.77 

33 

45 

0-73 

26 

3« 

0.69 

17 

32 

053 


concentrations of carbon dioxide were found for onion and tulip bulbs and 
for beet roots. With asparagus shoots and shelled lima beans on he 
other hand, high concentrations of carbon dioxide resulted in a reduction 

in respiration rate as in geminating mustard seeds. , 

The most marked effects of variations in the oxygen and I cart on box. c 

concentrations of the atmosphere upon respiration are doubtlesi » 

upon roots, underground stems, and seeds. The car on < loxu am | 

tion of the soil atmosphere may sometimes be as much as I ^ 

occasionally even higher, while the OX ^" CO xjii ) , “t1,'c usual effect' of 
some times, approach a zero value (Chap. • resnira- 

either or both of these conditions is a retarda ion in i amental 

tion. As a result of such diminished respiration rates such 

processes as absorption of ^ater (Chap. *■') germination of 

XXIV) by roots, growth of roots (Chap. XXIAI, J? 

seeds (Chap. XXXIV) may be retarded or even entirely 

6. Hydration of the Tissues .-As is true of a number_ of other^ proc^ 

esses, the effect of the hydration of the “^“^Vhe marked rise in 
can best be observed in germinating seeds (T b- 
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the rate of respiration as the water content of wheat seeds increases from 
16 to 17 per cent, as contrasted with the small effect of increase in water 
content in the range below 16 per cent, is probably a result of practically 
all of the water in the seeds being in the bound condition at water contents 
below 16 per cent. The data in Fig. Ill show why it is highly desirable 
that the water content of grains be below a certain value before they are 
placed in storage. 

Similar results have been obtained with tissues of some of the more 
extreme xerophytes, such as many species of lichens, which can be desic¬ 
cated to an air-dry condition without losing their viability. As the water 

content of such tissues is increased, 
often no great effect upon the rate 
of respiration is observed until a cer¬ 
tain water content (which varies ac¬ 
cording to the tissue) is attained, 
after which the respiration rate in¬ 
creases rapidly. 

Minor variations in the water con¬ 
tent of well-hydrated plant tissues 
do not have any great influence upon 
the rate of respiration. When the tis¬ 
sues of leaves or other plant organs 
approach a wilting condition, accu¬ 
mulated starch is often converted 
into sugars. This increase in sugar 
content of the cells presumably ac¬ 
counts for the rise in respiration rate 
which is often observed in wilting 
tissues. 

7. Light .—Numerous investigators 
have reported increasing or decreasing effects of light on respiration in 
plants (Weintraub, 1944) but, with rare exceptions, these can be inter¬ 
preted as indirect influences. Although direct effects of light on respira¬ 
tion appear to be exceptional, a few undeniable examples are known. 
Emerson and Lewis (1943) have found that light absorbed by carotenoid 
pigments in Chlorella has an enhancing effect on respiration. Weintraub 
and Johnston (1944) likewise appear to have demonstrated a direct effect 
of light on the respiration of etiolated barley seedlings. On the other 
hand, light clearly has a number of indirect effects on the rate of oxida¬ 
tion of foods in plants. In chlorophyllous organs light may affect the rate 
of respiration because of its influence upon the supply of respiratory sub¬ 
strate resulting from photosynthesis. Plant organs exposed to direct il- 



Fio. 111. Relation between water 
content of wheat grains and rate of 
respiration. Data of Bailey and Gur- 

jar (1918). 



FACTORS AFFECTING RATE OF AEROBIC RESPIRATION 


413 


lumination almost always have a temperature in excess of that of similar 
organs not so exposed. The heating effect of light is one of its most im¬ 
portant indirect effects on respiration. 

8. Injury .—Wounding of plant tissues almost invariably results in a 
temporarily increased rate of respiration. If a potato tuber is cut in half, 
for example, the loss of carbon dioxide from the two halves will be con¬ 
siderably greater than from the intact tuber. Similar results have been 
observed for many other plant tissues. The increased respiratory activity 
of wounded or otherwise injured plant tissues gradually rises to a max¬ 
imum which is generally attained within a day or two, after which a 
diminution in rate sets in until approximately the rate which prevailed 

in the uninjured tissues is re-established. 

Hopkins (1927) and others have shown that this increased respiration 
of potato tubers following wounding is correlated with an increase in the 
sugar content of the tuber. This increase, which amounted in Hopkins’ 
experiments to from 53 to 68 per cent of the sugar originally present, 
occurs gradually, the maximum not being attained until several hours 
after the injury. The increase in sugar content is greater in the cells close 
to the cut surface than in those which are more remote from it. This in¬ 
crease in the quantity of the respiratory substrate is apparently an im¬ 
portant factor in accounting for the increased loss of carbon dioxide by 
potato tubers following wounding, and probably of many other tissues 


as well. . . 

9. Mechanical Effects.—A purely mechanical “stimulation of respira- 

tion has been demonstrated in the leaves of a number of species by Audus 
(1939, 1940, 1946). A gentle rubbing or bending of the leaf blade was 
sufficient to induce a marked rise in the respiration rate (often over 100 
per cent) which persisted for some hours. No such effect was found for 
leaves in an atmosphere of nitrogen, indicating that the influence u on 
the aerobic phases of respiration. The mechanism of this effect is un¬ 
known, but it is obvious that it should be taken into account in any exper¬ 
iments on respiration which require handling of the p ant ma eria . 

10. Effects of Certain Chemical Compounds on Respiration.—Although 
the rate of respiration, like that of other metabolic processes, may be 
influenced by many different kinds of compounds, particular interns 
attaches to certain substances which act more or less as enzymatic inhib¬ 
itors when present in very low concentrations at one stage or another of 
the respiratory mechanism. Among these are cyanides, azides, carbon 
monoxide, fluorides, malonates, and iodoacetate (Chap. XVI XXII). 

Narcotics, such as chloroform and ether, also have Pronounced effect, 
on respiration in low concentrations. Although in eery on co 1 
the effect of such compounds is sometimes an enhancement of the res- 
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piration rate, most commonly their effect is an inhibitory one. If the 
concentration of the narcotic is not too high and the exposure not too 
prolonged, this inhibitory effect is reversible; otherwise irreparable injury 
of the protoplasm itself may soon result. 
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DISCUSSION QUESTIONS 

,. How can respiration occur at night in leaves in which the s.omates are 

Cl °f How would you proceed to measure the rate of respiration of a potted 
^ H ",1“^ t" iKT.." k'eep flowers in a sick room at 

in a certain experiment 

S: ™ ”«auy 3" spite of the fact that marked variations ,n tern- 
T^^U C rtmt U r?he h :va^'in E utcr.he respiration of plant tissue might 
Sl 'a'Why ^o* sta^ch^Hsi^ds'decrease°proportionately more in dry weight during 

g TwouW ,t complete,Lina,ion of all anima. rar,h ^ 

in Xy whwh n ,he Ca r r at°e n 0f ,O respirat,on of a given plant tissue 
might be increased Decreased. 



XXII 


THE MECHANISM OF RESPIRATION 


The summary chemical equation commonly used to represent the proc¬ 
ess of respiration: 


C«Hi 2 0 6 + 6 Os ->• 6 C0 2 + 6 H 2 0 + 673 kg.-cal. 

represents equally well the combustion of sugar. It might be taken to 
imply that the release of energy in respiration is achieved in a manner 
analogous to that by which heat energy is liberated in combustion. Ac¬ 
tually the two processes are not remotely similar in mechanism. Sugar 
and atmospheric oxygen are much too stable to unite directly within any 
temperature range in which living organisms could survive. 

Unlike the combustion type of oxidation which would result from a 
direct combination of oxygen with sugar, the respiration of a hexose to 
carbon dioxide and water involves long sequences and cycles of reactions 
in which many kinds of organic molecules participate. Some of these 
chains of reactions are known, at least for some tissues; others seem very 
probable, but are less well supported by experimental evidence. These 
reaction chains are not the same for all tissues, and for a given tissue may 
differ depending upon various conditions and especially on whether or not 
atmospheric oxygen is available. Regardless of the exact pathway which 
the reaction sequence follows, however, oxidation occurs very gradually, 
step by step, with only small units of energy being released or trans¬ 
ferred at a time. 

As shown in the later discussion, the component reactions of respira¬ 
tion are of a number of different kinds. The most significant from the 
standpoint of energy release or transfer are the oxidation-reduction reac¬ 
tions. Many of the oxidation-reduction reactions occurring in the proto¬ 
plasm are achieved by transfers of hydrogen from molecule to molecule. 

416 


ANAEROBIC RESPIRATION 


417 


The molecules which lose hydrogen are oxidized and those which gain 
hydrogen are reduced. The terminal reaction in many of the sequences in 
which hydrogen is shuttled from molecule to molecule is the transfer o 
hydrogen to oxygen; it is principally in such of the component reactions 

of respiration that oxygen is used and water is forme . . 

Many enzymes, co-enzymes, and carriers play a ro e in e s 
oxidation of carbohydrates or of other molecules which serve as respir - 
tory substrates. Each reaction in the chain is controlled by a specific 
enzyme and often also requires the presence of a co-enzyme ° r car " 
or both. Many of these enzymes have been isolated, and their pa 
respiratory mechanism has been ascertained. Most of our unde ^ ta " ® 
of the respiratory process has resulted from the study of these enzymatic 
reactions. The action of a specific enzyme may be checked or blocked 

by certain compounds known as inhibitors (Chap. without 

suitable inhibitor it is possible to block the action of one enzyme w.thou 

checking the activity of others. The respiratory sequence ° f react ^ 
can, therefore, be stopped at a given point and the product wh.chjw.rn 

mulate studied. By systematically interrupting e c lain j 

various points in this way considerable information can be obtained re 

garding the nature of different steps in the overall process. 

Anaerobic Respiration.-The external aspects of n-obic respiration have 

been considered in some detail in the preceding c lap » ^con¬ 

sideration will now be given to anaerobic respiration before 

ism of the overall process is discussed. „ . «. j ra ther 

Alcoholic Fermentation.- The term “fermentation .sapphed gather 

loosely to a variety of oxidation processes wic ^ ^ better know n 

olism of various species of bacteria and fu g . fomentation lactic 

fermentations are alcoholic fermentation, ace ic fermentation, 

acid fermentation, butyric acid fermentation, 

and citric acid fermentation. Some fenn ®"*'°^- n chcmica l compounds. 

in industry for the commercial produc nrocesses occurring in 

The chemical aspects of many of t c ernl "' “ 1 thoroughly than the 

bacteria and fungi have been investigated much more r 6 ^ 

similar processes which take place in t e issues aerobic. In 

Most fermentation reactions are “^"^'^'^luTateascnd products, 

all of them incompletely oxidized {ermentation processes. Some 

and this is the most characteristic fe , to the closely anal- 

authorities also use the term feI ?“ e ". ta 0 { higher plants under certain 
ogous processes which occur in the tiss 

conditions (see later). . t u or ouehlv invest!- 
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been familiar to the human race for time out of mind, it was not until the 
classical researches of Pasteur, begun in 1857, that it was recognized that 
alcoholic fermentation resulted from the metabolic activities of yeast 
plants, and that it was an anaerobic process. Yeasts, it should be recalled, 
are single-celled fungi belonging to the Ascomycetes. Yeasts can multiply 
by budding and under certain conditions produce ascospores (Fig. 112). 

A further step in the understanding of alcoholic fermentation was 
furnished by Buchner’s demonstration in 1897 that an active agent or 
enzyme (“zymase”) could be extracted from yeast cells, and that this 
enzyme could catalyze the process in the total absence of yeast cells. 



A B C D E 

Fig. 112. Yeast plants. (4) Vegetative cell, {B) “budding” oi a yeast cell, (C) 
“colony" of cells resulting from budding, (Z>) and ( E ) asci containing asco¬ 
spores. 

Zymase is now recognized to be a complex of enzymes rather than a single 
enzyme. 

Alcoholic fermentation may occur in almost any moist sugar-containing 
medium or sugar solution, such as a fruit juice, which is inoculated with 
yeast or which is left exposed to the air. Since various species of wild 
yeasts are blown about through the atmosphere, inoculation of such media 
will occur without human intervention. 

The following summary equation represents the net chemical changes 
occurring in alcoholic fermentation: 

CflHuO* 2 C.H,OH + 2 CO, + 21 kg.-cal. 

As this equation shows, fermentation of one mol of a hexose sugar re¬ 
sults in the production of two mols of ethyl alcohol and two mols of 
carbon dioxide, energy to the amount of approximately 21 kg.-cal. 1 being 
released in the process. The carbon dioxide evolved escapes as a; gas, 
accounting for the effervescence of a fermenting liquid. Certain by-prod¬ 
ucts such as glycerol, succinic acid, amyl alcohol, and other compounds 

1 This value represents the energy evolved as calculated from the heat of reaction. 
The actual decrease in.free energy (calculated from chemical affinities) under “bio¬ 
logical conditions” is 72 kg.-cal. (Wohl and James, 1942). 
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are also usually produced in small quantities as a resultofsubsidiary 
reactions. The chemical mechanism of this process >s centered later 

^Yeaat^can ferment glucose, fructose, galactose, anci mannos<. direct^ 

Since yeast cells also contain the enzymes being hydro- 

saccharides sucrose and maltose can also e , t cannot 

lysed to hexose sugars. On the other "he reason 

that germinated barley (malt) is -either than .the ^ 

grains in the brewing industry, since the g 

increases greatly during germination. irrine without any 

Alcoholic fermentation is an anaero ic pr > accom plished by inter¬ 

utilization of atmospheric oxygen. Oxi a . 10 ” manner that the sum 
molecular atomic shifts which take place in d is j ess than that 

total of the energy remaining in the resulting compounds^is^ ^ ^ ^ 

present in the original substrate. Alco o 1 c enn^ ^ quant ity of energy 

incomplete oxidation of hexose molecu , g te 0 f its relative 

released is much less than in aerobic res P ir * mct hod by which yeast 
inefficiency the process of fermentation is the 

plants obtain all necessary energy un er ana ^° solution con- 

It might be supposed that sugars by a 

taining yeast plants would result in P othvl alcchol and carbon 

process of aerobic respiration. On the contrary cthy alcch ■ thc 

dioxide are the principal end products whether ^^ction ^ ^ as 

presence or absence of oxygen. Some ae |*° v does occur when 

one-third of the total, according to some in & &q{ fermcnt ation 

oxygen has access to the yeast ce 8 * ® asc ribed to the possession by 

even in the presence of oxygen is ge , enzyme mechanism, as 

yeast cells of a relatively ineffective “Tthe presence of 

compared to a highly active fermen ()CCUrs at a much more rapid 

oxygen, however, multiplication of ye , consequence of the 

rate than in its absence. This » U " d °" y thc occurrence of some 
markedly greater energy release result.ng from 

aerobic respiration. , . v _ ast onc of the end products— 

When sugar in solution is fermented by y the ot her—carbon di¬ 
ethyl alcohol—accumulates in the solutio , e , imit to the accumu- 

oxide—escapes as a gas. However, ere i ro i, 0 l in the liquid reaches 

lation of the alcohol. When the propo ccn t depending upon the 

a certain value, which may range rom _ ed an d the fermentation 

species or strain of yeast, the cells are 

process stops. , jj; a h e r Plants. —Under anaer- 

Anaerobic Respiration in the Tissues of Higher 
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obic conditions, and sometimes in the presence of oxygen, processes iden¬ 
tical with, or similar to alcoholic fermentation occur in many of the tissues 
of the higher plants. The several terms fermentation, intramolecular 
respiration, and anaerobic respiration are in common use to designate such 
processes. The occurrence of such a process in any higher plant tissue 
results in the evolution of carbon dioxide and often, although by no means 
invariably, in the accumulation of ethyl alcohol within the cells. In some 
higher plant tissues alcohol is not a product of anaerobic respiration, and 
in others the quantity of alcohol formed does not correspond quantita¬ 
tively to the amount of hexose broken down. Various organic acids, such 
as oxalic-acid, tartaric acid, malic acid, citric acid, and lactic acid are also 
common end products of anaerobic respiration in the tissues of higher 
plants. 

At least a few tissues of higher plants possess such a powerful anaerobic 
respiration mechanism that the process predominates over aerobic respira¬ 
tion even in the presence of oxygen in considerable concentrations. In 
germinating rice grains, for example, in oxygen concentrations as high as 
about 8 per cent, the rate of anaerobic is equal to the rate of aerobic 
respiration and even in germinating wheat grains, a more markedly aero¬ 
bic tissue, a considerable amount of anaerobic respiration occurs at this 
oxygen concentration (Taylor, 1942). Anaerobic respiration also takes 
place in the presence of oxygen in at least some kinds of tissues in which 
the usual course of aerobic respiration has been interrupted by cyanide 
or some other specific enzyme inhibitor. 

In the majority of the tissues of the higher plants, however, anaerobic 
respiration is induced only when the access of atmospheric oxygen to the 
tissues is largely or entirely cut off. This process can be initiated in almost 
any tissue of a higher plant by subjecting it to an atmosphere which is 
devoid of oxygen or to an atmosphere in which the oxygen concentration 
is below a certain relatively low critical value. Different tissues of higher 
plants differ greatly in their toleration of lack of oxygen and the resultant 
anaerobic respiration which takes place in the cells. Some plants or plant 
organs can survive under such conditions for long periods, others succumb 
within a day or two. Maize seedlings, for example, do not remain alive 
much more than a day in an atmosphere devoid of oxygen. Apple and 
pear fruits, on the other hand, can survive storage in an atmosphere of 
pure hydrogen or pure nitrogen for months without injury. These fruits 
continue to evolve carbon dioxide under such conditions, thus indicating 
the occurrence of a type of respiration for which atmospheric oxygen is 
not necessary. 

Many of the known examples of anaerobic, respiration in higher plants 
result from structural features of plant organs which prevent ready access 
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of oxygen to interior tissues. For example, the seed coats of a number of 
species are only slightly permeable to oxygen. During the earlier stages 
of the germination of such seeds, before the coats are ruptured, anaero ic 
preponderates over aerobic respiration. The best known examp e ° 
is in pea seeds, which in the early stages of germination evolve a volume 
of carbon dioxide three or four times as great as the volume of oxygen 
absorbed. Similarly, anaerobic respiration also occurs in corn grams oat 
grains (especially if the glumes are left intact;, an sun ower 
ingthe early stages of germination (Frietinger, 1927). A similar conditio 

probably obtains in many other seeds and dry fruits. 

Anaerobic respiration also occurs naturally in some isi. ' 

"skin” of some fruits, of which the grape is the most fam.l.ar examp , 
relatively impermeable to oxygen, hence this process undoubtedly occurs 

“ H h h as 0 been rather generally supposed that the mterior feues^of most 
bulky fruits such as bananas, citrus fruits, me ons, e c., . occur _ 

a deficiency of oxygen and that ^ownthat tomato fruits re- 

rence in such tissues. Gustafson (1930) ‘ r hydro- 

spire anaerobically when enclosed in an atmosphere o may occur 

gen and considers it possible that s0,nC ^“^atmolphlric conditions. On 
in them even when they are exposed to i. * r *u e cucur - 

the other hand, analysis of the internal atmosphere of sum " 

bitaceous fruits has shown the oxygen conccn ra ion conclusion 

as in the atmosphere. While it is impossible to draw a dIcfimte c°nch»mn 

regarding the prevalence of anaerobic respiration in fleshy ™ seemS 

probable that this process occurs in at least snme fm^ this type^ 

Cacti will respire anaerobically when enclosed m 

nitrogen (Gustafson, 1932), and it ‘ respiration un der natural 

sues of succulent species may carry on 2 

conditions. shelled beans or other such rapidly 

When freshly harvested grains hay, shelled° c “ ked ti „ hUy in con- 

respiring plant materials are stacke comp ^ ^ ^ may be impeded. 

tainers, free access of oxygen to a I j aerol)ic respiration in many 

Under such conditions anaerobic m y 1 use niay rcBU i t as an 

of the cells. Spoilage of the matei ' * of anaerobic respiration; this 

outcome of the accumulation of p relatively high 

is especially likely if the plant material is kept a 

temperature. - ., -i upon many species of plants 

The adverse effect of a flooding of the soil upon ^ X 

appears to result from the substitu oxygen. Submergence of a 

such a. flooded soil being in some localities- 

field of almost any crop plant^-a common occ 
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soon results in serious injury to the plants, even if only the roots are 
immersed. If the flooded condition of the soil continues veiy long, death 
of the plants commonly results. The plants often exhibit many of the 
symptoms of desiccation, suggesting a likelihood that the physiological 
processes of the roots have been altered in such a fashion that absorption 

of water is no longer occurring at an adequate rate. 

At least two probable reasons can be advanced for the injurious effects 
of substitution of anaerobic for aerobic respiration in normally aerobic 
tissues. One of these is the much lower energy output of the former process 
as compared with the latter. Anaerobic respiration releases only a small 
fraction as much energy per molecule of hexose oxidized as aerobic respi¬ 
ration. In metabolically active tissues, especially, the curtailed rate of 
energy release is probably inadequate for the normal maintenance of cell 
processes and deleterious effects are soon engendered within the cells. 
Another probable cause of impairment of cells as a result of fermentation 
is the accumulation of substances which exert toxic effects on the proto¬ 
plasm. During anaerobic respiration ethyl alcohol and other more or less 
toxic compounds accumulate in cells in which this process is occurring and 
may be translocated to other parts of the plant which are still under aero¬ 
bic conditions. In tissues in which anaerobiosis commonly occurs, con¬ 
siderable concentrations of such compounds can be tolerated without 
harm. In normally aerobic tissues, however, the tolerance for such sub¬ 
stances is much less and their accumulation within the cells soon leads to 
injurious effects. 

In contrast with most terrestrial plants are the many aquatic species 
in which the rhizomes and roots, and in some species other organs as well, 
are continuously submerged. In some such species considerable quantities 
of oxygen diffuse into the submerged organs through aerenchyma tissue 
from the aerial organs (Chap. XIV). At times such an internal movement 
of oxygen gas is adequate to maintain a completely aerobic respiration in 
the submerged organs, but at many times, at least in some species, it is 
inadequate, and at least some anaerobic respiration occurs. This latter 
process has been shown to be of regular or frequent occurrence in the roots 
and rhizomes of the spatterdock (.V ymphaea advena) and several other 
aquatic species (Laing, 1940). In such organs respiration is at times pre¬ 
ponderantly aerobic and at times preponderantly fermentative, although 
there is seldom a time at which some anaerobic respiration is not occurring 
at least in those tissues which are most remote from the supply of oxygen. 

When many tissues are transferred from anaerobic to aerobic conditions 
fermentation is largely or entirely suppressed and the rate of consump¬ 
tion of respiratory substrate is reduced. This phenomenon is called the 
Pasteur effect. Although the rate of utilization of the substrate is dimin- 
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ished by the shift to aerobic conditions, the energy made available in the 
cells is usually increased because of the greater efficiency of aerobic as 
compared with anaerobic respiration as an energy-releasing process. The 
existence of the Pasteur effect has long been known in yeasts and in ani¬ 
mal tissues. Such a mechanism has also been reported to operate in vari¬ 
ous tissues of higher plants as, for example, the roots of carrots (Mam 
and Goddard, 1939), barley leaves (James and Hora, 19401, r ( y , 
1942), apple fruits (Thomas and Fidler, 1941), carrot and parsnip roots 
and potato (McCormick variety) tubers (Appleman and Brown l94 ) 
and doubtless occurs in many others. The exact mechanism of thi i effect is 
not known, although several more or less theoretical explanations have 

been offered for it (Turner, 1951). . . . ^iotirwnnsh 

Glycolysis.—For purposes of discussion it is convenient to distinguish 

two major phases of respiration; (1) the oxidation of carbohydrate to 
pyruvic acid, a process called glycolysis , 2 and (2) t e su f* 1 "™ 
tion ot pyruvic acid. The first of these phases appears to take place 
same general way in many kinds of tissues in either the presence or ab¬ 
sence of atmospheric oxygen. The second phase may foilw^^numbermf 
diverse patterns, however, depending upon the kind ° f ssue and espe 
cially upon whether it occurs under aerobic or anaerobic conditions. The 
reactions of glycolysis have been investigated most thorough y y 
and In the musclertssue of animals, but there is goo, evidence for h 

occurrence of a similar, if not identical, chain “ ^ ‘ w ^ , 

of the higher plants (James, 1946; Bonner and Wildman, 1946, btump , 

19 The first important reactions in glycolysis arc those which resultinthe 

.1 They..... 

ner analogous to that in which other compounds act as hydrogen■ carr 

(see later). Especial significance attaches to the energy-nci p 
' ’. i : n Hotail later energy obtained in the stepwise 

isrusr isz r rs 

certain of the glycolytic reactions arc catalyzed by enzymes of the 

Ph St B aS‘wlthTructose-l.e-diphosphatc (Fig 107) the probable se- 
quence of the further reactions of glycolysis is shown g. 

•A. mentioned inter, some author, u.e .hi. term in . .en.e 
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From other carbohydrates 
(See Fig.107) 


11 


Fructose-1,6- diphosphate 

A 


aldolase 




phosphotriose isomerase 


3- phosphoglyceraldehy de 

A 


Pihydroxyacetonephosphate 


+ H3PO4 (non-enzymatic) 


(See Chap. XXIII) 


13* diphosphoglyceraldehyde 


+ DPN 

diphosphoglyceraldehyde dehydrogenase 


W-diphosphoglyceric add + DPN.H 2 

A 


-f ADP 

phosphoglyceric transphosphorylase 


3-phosphoglyceric add -f- ATP 


phosphoglyceromutase 


2-phosphoglyceric add 

A 

enolase 

2-phosphopyruvic add -f H 2 0 

A 


+ ADP 

phosphopyruvate transphosphorylase 


pyruvic add + ATP 

Fig. 113. Reactions of glycolysis from fructose-1,6-diphosphate to pyruvic acid. 
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A major step in this series of reactions is the cleavage of fructose-1, 
6-diphosphate into the trioses: 3 -phosphoglyceraldehyde and dihydrox- 
yacetonephosphate, a reaction which is catalyzed by the enzyme aldolase. 
The 3 -phosphoglyceraldehyde is then converted into 1,3-diphospho- 

glyceric acid in two steps, as follows: 

OH 


H—0=0 

I 

H—C—OH 


h 2 po, 


H—O—O—H 2 P0 3 


+ H 3 PO 4 ^ H—C—OH 



H—C—O—H 0 PO 3 


3 -phoaphoglyc«raldehyde 


H 

1.3-diphosphogiyceraidehyde 


OH 


O 



diphoephoclyceraldehyd* 

H,PO* dehydrogenase 

+ DPN , -- ~ v 


C—O—H 2 P0 3 


+ dpn-h 2 


H—C—OH 


H 2 PO, 


H—C—O—H 2 PO 3 


H H 

I .Wlph<«,ho tf ,c«.ld.hyd. 1.3-dipho«phoglyc*ric acid 

The compound which acts as a hydrogen acceptor in this 

phosphopyridine nucleotide (DPN) and the catalyst is a 

enzyme (see later). Subsequent regenerate of the reduced hydrogen 

acceptor DPN-H, to DPN under aerobic conditions will require /:0i 

this reaction indirectly results in the ultimate utilization of this 

of oxygen. Under anaerobic conditions reox.dat,on of the DPN H 2 takes 

place at the expense of the reduction of other compounds , 

The 1, 3 -diphosphoglyceric acid is then transformed to S-phosphogly 

ceric acid and then to 2 -phosphoglycenc acid as indicated g. • 

Under the influence of the enzyme enolase this latter compoun 
converted to 2 -phosphopyruvic acid as follows: 


O 


O 


C—OH 

H—C—O—H*PO»; 
H—i—OH 


G—OH 

enola*c __ ^ 

c—o— ii 2 po 3 + h 2 o 


C—H 


H 

2-pho«phorJye*rlc *<dd 


H 

2-phoephopyruvlr acid 
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The final reaction in this series is the transfer of phosphate from 
2-phosphopyruvic acid to ADP resulting in the formation of pyruvic acid 
and ATP. 

It is worthy of emphasis that the reactions of glycolysis do not involve 
atmospheric oxygen. It is not difficult to understand, therefore, how the 
series of reactions comprising this first phase of respiration can be the 
same, or at least closely similar, both in cells which have ready access to 
oxygen and those which do not. It is also noteworthy that very little 
energy is made available to cells by the reactions of glycolysis. 

Although pyruvic acid is probably formed in living cells as a result of 
other sequences of reactions, glycolysis appears to be of widespread occur¬ 
rence in living organisms. Pyruvic acid occupies a pivotal position in the 
sequence of respiratory reactions, because from it further reaction chains 
may diverge in a number of directions. The chemical pathway along which 
this compound undergoes further modifications depends in part upon 
whether prevailing conditions are aerobic or anaerobic. Some of the better 
known compounds into which pyruvic acid can be converted, in one kind 
of organism or another, as a result of relatively simple, enzymatically 
catalyzed reactions, are acetaldehyde, lactic acid, acetic acid, oxalacetic 
acid, and the amino acid alanine (Chap. XXVI). 

Anaerobic Oxidation of Pyruvic Acid. —In the absence of oxygen, and 
under certain other conditions, anaerobic oxidation of pyruvic acid usually 
occurs, but the course of the reaction differs in different tissues and organ¬ 
isms. In general the products of the anaerobic respiration of pyruvic acid 
are incompletely oxidized compounds such as alcohols and organic acids. 

In the yeasts and many other fungi, and in at least some higher plants 
under some conditions, anaerobic respiration results in the formation of 
ethyl alcohol. 

The first step in this reaction is the decarboxylation of pyruvic acid, as 

follows: 

pyruvic 

carboxylase 

OH,-CO-COO II ;==!: CHs-CHO + C0 2 

pyruvic acid acetaldehyde 


A second stop is the reduction of acetaldehyde to ethyl alcohol, which in 
veast occurs as follows: 

alcohol dehydrogenase 

C'Hs-CHO + DPN -H 2 ^ZZT - -> CH 3 CH 2 OH + DPN 

The DPN-Ho used in this reaction may be that formed in the previous 
glycolytic reaction in which diphosphoglyceraldehvde is converted to 
diphosphoglvceric acid. 
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In the muscle tissue of animals and in some bacteria anaerobic respi- 
ration results in the conversion of pyruvic acid to lactic • 


CHs-CO COOH + DPN H 


lactic acid 

dehydrogenase 


2 * 


CIls-CHOHCOOH + DPN 


Both of the last two reactions ac- 

diphosphophyridine nucleotide * nhvsiologists the conversion 

ceptor or donator (see later). Among am ' f the reao tions 

of pyruvic acid to lactic acid is generally included as 

of glycolysis. „„ n ;i a hlc to cells as a result of the fur- 

Relatively little energy becomes ac ada^^ ^ under anaerobic 

ther conversion of pyruvic acid 

conditions. . Under aerobic conditions the oxida- 

Aerobic Oxidation of Pyruvic Ac ' d ;T nn " ‘ ntire i v different pathways than 
tion of pyruvic acid usually occurs a g oxidation are usu- 

under anaerobic conditions and the end products of 

ally carbon dioxide and water. mechanism of the aerobic 

The most fruitful suggestion regarding through a “tricar- 

oxidation of pyruvic acid is that it is ace proposed, 

boxylic acid cycle.” Several ae^s'ofTw et ai (1942) and 

one of which, based largely on e t-B , lttonip t is made to indicate 
Krebs (1943) is represented in Fig. 114. No> « ' an(J carricrs which 

in this diagram the numerous enzy ■ ’ . of t (,e compounds 

participate in these reactions nor the fact that many o c 

which participate in this reaction are phosphorated. The 

of these are discussed later in the chapter tricarboxylic 

As shown in this figure, according to ^ 

pletely oxidised diagram presents a greatly telescoped 

It is important to realize that tins dmgra,,^ procce<1 TWs ■„ 

picture of the manner in w it 1 which V> is indicated as a 

particularly true of those our reactions n whtth J ^ usua Hy 

^tand HaO- ap^-c^^"^ to anothcr mol ccu.e, 

^rC^rU^d, stepwL -thcrnmlecu. undm. he 

SS.’SSr chain, iZT- the transfer of the 2 H to O and the 
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formation of H 2 0, under the catalytic influence of an oxidase enzyme 

(8 cJrt!Sdioxide is eliminated in this cycle in the: formationi of^onitic, 

a-ketoglutaric and succinic acids, respectively. a er is e lm 

four of the reactions in this cycle, but is a reactant in wo o . ’ 

hence the net liberation of water is two molecules per mo ® cu e • 

acid oxidized. The total consumption of oxygen is one-ha 

each of five different reactions, a total of two and one-half modules fo 

each molecule of pyruvic acid oxidized. The summary equation 

phase of respiration is therefore: 

CHs • CO • COOH + 2 H 0 2 — 3 C0 2 + 2 H 2 0 4- energy 

If the 1/2 0 2 required to oxidize the hydrogen ^ceptor (DPNMvInch is 

reduced in one of the reactions of glyeolysrs and the 2 . b 

the formation of pyruvic acid (Fig. 113) be added to the equatnm above 

the resulting equation will be that for the complete oxrdatmn of a tnose 

sugar such as glyceraldehyde. eeneral nature 

Evidence for the existence of a cycle of reactions of g for 

of that depicted in Fig. 114 is much stronger for animal tissu U ^ ^ 

the tissues of the higher plants. However, it is we now plant 

organic acids and enzymes involved in such a cycle ^ common^ pla^ 

constituents, and evidence that such a eye e ope ™ . Bonner and Wild- 
steadily accumulating (Henderson and Stauffer, 1944, Bonner and 

man, 1946; Bonner, 1948, Laties, 1949). during the 

In aerobic respiration most of the energy re ^ ear)ier reaction8 

XgSZtZS o“ r£: 

tiona'hjfdrogen^iB 6 transfercednto'oxygen, not^ directly, but through inter- 
mediate enzymes and carriers not shown i m ig• ic iration> this 

Although some energy release occu ” ^ U ” g vailablc for maintenance of 
energy is either inadequateMany funda- 

physiological processes in nnletclv arrested in plant tissues in 

mental physiological processee a J rp tion of elec- 

the absence of oxygen. Am g of solutes, tropisms, and 

trolytes, streaming of protop asm, rans ^ ^ of these processes, and 

various synthetic processes^ In other words al o ese ae ’ robic 
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induces the establishment of chains of reactions of such a nature that at 
least some of the energy released is diverted to the accomplishment of 


essential energy-consuming reactions. 

Other mechanisms of aerobic respiration besides the one described 

above probably also operate in plant cells. There is limited evidence, for 
example, that other substances in the glycolytic chain of reactions besides 
pyruvic acid may serve as the starting points for divergent pathways of 
aerobic respiration. The available information is too meager, however, to 
warrant discussion of other possible mechanisms. 

Energy Transfer During Respiration.— So far the discussion has centered 
on the kinds of compounds formed at different stages of respiration. Even 
more at the heart of the process are the transfers of energy which occur 
from molecule to molecule. Such energy transfers are the mainspring of 


life. 

Any detailed treatment of the intricate and far from fully understood 
mechanisms of energy transfer in biological oxidations is beyond the scope 
of this book. Only a few of the most fundamental aspects of this topic can 
be discussed briefly. Many, probably most, of the energy transfers occur¬ 
ring during respiration hinge on the formation of labile high-energy phos¬ 
phate bonds. The term “high energy” does not mean that the phosphate is 
strongly bonded—the contrary is usually true—but that when such a bond 
is disrupted in a chemical reaction, that a relatively large amount of 
energy is released. Not all phosphate bonds are of the high-energy type. 
The ester type phosphate bonds in the phosphorylated sugars, for exam¬ 
ple, are all relatively low-energy bonds. 

Several kinds of compounds in which high-energy phosphate bonds are 
present are known to exist in living organisms. The best known, and prob¬ 
ably most important, of these are adenosine triphosphate (ATP) and 
adenosine diphosphate (ADP). These two compounds are derivatives of 
adenosine-5-monophosphate (AMP) which is a complex compound con¬ 
structed from one molecule each of adenine (a purine base), ribose, and 
phosphoric acid. ADP differs from AMP in having a second phosphate 
group linked to the one present in AMP, and ATP has a third phosphate 
group linked to the second one of ADP. Thus an ATP molecule contains 
a chain of three phosphate groups linked together. The chemical bonds of 
the second and third phosphate groups of ATP and of the second phos¬ 
phate group of ADP. but not the first group in any of the adenosine phos¬ 
phates, arc high-energy bonds. The energy liberated on hydrolysis of 
either of the high-energy phosphate groups of ATP is about 12,000 calories 
per mol. In contrast that released upon hydrolysis of the ester type phos¬ 
phate bond such as occurs in phosphorylated sugars is only 2000-3000 

calories per moL 
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In general, energy is stored in high-energy phosphate bonds as a resu t 
of reactions in which phosphorylated compounds are oxidized. The con 
version of 1 , 3 -diphosphoglyceraldehyde to 3 -phosphoglyceric acid is one 
example of a reaction in which ATP is synthesized (Fig. 113). The gj> 
ceraldehyde is first oxidized (by loss of 2 H to DPN) to 1,3 phosphog y 
ceric acid. As a result of this reaction one of the phosphate groups in t 

O 


molecule becomes a carboxyl phosphate group C OTI 2 PO 3 which con 


tains another type of high-energy phosphate bond. Because of the high 
energy of this bond it can be transferred in an immediately following 
reaction to ADP, becoming a high energy phosphate bond of ATP. 

From the standpoint of cellular energetics the number of ATP mole¬ 
cules generated per molecule of hexose oxidized is very significant. In cer¬ 
tain animal tissues from 12 to 24 mols of energy rich phosphate are 
formed for each mol of hexose completely oxidized. It appears that 
roughly about half of the total energy released in respiration is stored in 
this way. It is a reasonable presumption that an approximately similar 
situation prevails in plant tissues. Some ATP molecules are synthesized 
during glycolysis (Fig. 113); still more are generated in certain reactions 
of the tricarboxylic cycle. Many of the compounds which participate in 
this cycle are undoubtedly in a phosphorylated state, although in the pres¬ 
ent incomplete status of our knowledge it is not practicable to represent 


them in this way in Fig. 114. 

By release of energy stored in energy-rich phosphate bonds, energy- 
requiring metabolic reactions which would otherwise not take place are 
made to occur. Such phosphate bonds are thus a connecting link between 
the energy-releasing reactions of respiration and the numerous energy¬ 
consuming reactions which are integral steps in metabolism. The reaction 
in which the ATP was synthesized is said to “drive" the reaction in which 
the phosphate bond energy is used, the two reactions thus being connected 

through ATP as a common reactant. . . 

Organic Acid Metabolism.— It is clear from the previous discussion that 

respiration, particularly in its aerobic phases, represents largely the metab- 
olism of organic acids. Apart from the fatty and ammo acids, winch arc 
considered in later chapters, the more important organic acids occurring 
in plants are oxalic, tartaric, succinic, fuinanc, malic, oxalacctic, pyruv c, 
aconitic, citric and isocitric, and <z-ketoglutanc. Some of these, such as 
oxalic, malic, tartaric, and citric, are present in considerable quantities in 
some tissues; others, such as pyruvic, oxalacet.c succinic fm-mric and 
aconitic, are seldom if ever present in appreciable amounts, hut are mi- 
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portant metabolites as discussed previously. Although present in all parts 
of the plant these organic acids are, in general, found in the greatest quan¬ 
tities in leaves and fruits. 

The organic acids integrally involved in the respiratory process are also 
metabolically related to the synthesis of fatty acids (Chap. XXIII) and 
amino acids (Chap. XXVI). The former are one of the kinds of com¬ 
pounds from which fats and oils are made; the latter are the compounds 
out of which proteins are synthesized. Since the organic acids that serve 
as respiratory intermediates are derived from carbohydrates they occupy 
a metabolic crossroads between carbohydrates on the one hand and fats 
and proteins on the other. 

O 

ii 

Any compound containing a carboxyl (—C—OH) group or groups falls 
into the category of an organic acid. Some of the important plant acids, 
such as a-ketoglutaric, oxalacetic, succinic, fumaric, and malic are di- 
carboxylic; others such as aconitic, citric, and isocitric, are tricarboxylic. 
Several of them, such as pyruvic, oxalacetic, and a-ketoglutric, are keto- 
acids, i.e.y contain a ketone (—C=0) group. Certain of the plant acids, 
such as isocitric, malic, and tartaric are hydroxy acids, t.e., contain 
hydroxyl groups other than those in the carboxyl groups. 

The fact that many plant tissues can metabolically fix carbon dioxide 
from the atmosphere in nonphotosynthetic processes has already been re¬ 
ferred to in Chap. XVIII. This phenomenon is especially prominent 
among many plants of the succulent habit of growth (Bennet-Clark, 
1949), and appears to be closely related to the organic acid metabolism 
of plants. 

In some succulent species the organic acid content shows a regular daily 
cycle of increase during the night hours and decrease during the daylight 
hours. The synthesis of organic acids in the leaves of some succulents is 
directly related to the carbon dioxide concentration of the atmosphere. In 
Bryophyllum crenatum, for example, virtually no organic acids are syn¬ 
thesized in the dark in the absence of carbon dioxide, but the greater the 
carbon dioxide concentration in the air up to 10 per cent the greater 
the quantity of organic acids synthesized (Bonner and Bonner, 1948). The 
principal acids formed are citric, malic, and isocitric. The diurnal varia¬ 
tion in the organic acid content of the leaves of certain succulents is 
therefore probably to be explained on the basis that, during the daytime, 
carbon dioxide concentration in the photosynthetic tissues is maintained 
at a low value and little or no synthesis of organic acids occurs. At night 
the carbon dioxide content of the tissues builds up as a result of respira¬ 
tion and synthesis of organic acids is favored. 
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Carbon dioxide fixation in the leaves of nonsucculents also involves 
organic acids. For example, when leaves of tomato, tobacco, or barley 
were exposed to carbon dioxide containing radioactive carbon for 15 min 
in the dark and then analyzed, most of the radioactive carbon was found 

in malic or succinic acid (Stutz and Burris. 1951). 

Carbon dioxide fixation in a species of bacterium has been shown to 

take place by the following reaction: 


ch* • co • cooh + co 2 ; 

pyruvic acid 


oxa lace tic carboxylase aaat y 

■-» HOOC• CH 2 • CO• COOH 

oxalacetic acid 


This reaction is called the Wood and Werkman (1936) reaction after its 
discoverers. It is probable that carbon dioxide fixation in the tissues of 
higher plants occurs either by this or other similar reactions. Support for 
this view is afforded by the fact that oxalacetic carboxylase, "I ch caU- 

lyzes the Wood and Werkman reaction, has been found m . a . nu ''' 
species of plants (Vennesland, 1949). The enzyme oxalsucc.n.c.carboxy¬ 
lase, which catalyzes a similar reaction in which carbon dioxide !s fixedly 

reacting with a-ketoglutanc acid, forming oxa su ‘j cln "; £)'si atter acid 
found in higher plants (Ceithaml and Vennesland, 1949). Tins 

is readily converted into iso-citric acid. . , 

The organic acids synthesized by direct fixation of -^on dioxide im 

doubtedly enter into the stream of metabolic reaetmns p. • - ^ 

chains and cycles of reactions which constitute the r >| < • 1 

That dark fixation of carbon dioxide in organic acids is a P o s b e fir.t 

step in photosynthesis many 

‘participate in the 

Respiratory enzymes possess ’J °L respiratory enzymes 

■ttr"^ Sp or eise have 

them. Among the oxidizing-reducing enzymes it ,s l ' ° ^ t,C ^° ^ mc 
coenzyme which readily undergoes oxidation and <" f ™° u Xr 

prosthetic group or coenzyme can be ‘ depend upon the 

of different proteins, and enzyme specificity appear, to I 

protein fraction of the enzyme. , . respirat orv reactions 

genases, and oxidases^ cniymcs of this type are listed in 
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Fig. 107 and Fig. 113. In general, these enzymes catalyze transfers of 
phosphate groups, either from one kind of molecule to another, or from 
one position to another position in the same kind of molecule. Very little 
is known of the chemical constitution of the transphosphorylases. The 
presence of magnesium ions is necessary for at least some of the trans¬ 
phosphorylases to exert their catalytic activity. 

Desmolases. —These are enzymes which catalyze reactions in which 
carbon chains are broken or lengthened. The best known example is 
aldolase (Fig. 113). This enzyme is known to be present in the tissues of 
the higher plants (Tewfik and Stumpf, 1949). 

Carboxylases. —Enzymes of this type catalyze the reversible carboxy- 
lation of certain organic acids and related compounds. These enzymes are 
sometimes classified under the desmolases. Equations for reactions cata¬ 
lyzed by pyruvic carboxylase and oxalacetic carboxylase are given earlier 
in the chapter. A close relationship between thiamine (Chap. XXVIII) 
and pyruvic carboxylase has been recognized since the work of Lohmann 
and Schuster (1937). The compound diphosphothiamine is now recognized 
to be the coenzyme of pyruvic carboxylase and of several other similar 
enzymes. 

Hydrases. —These are enzymes which catalyze the addition or subtrac¬ 
tion of water from molecules without causing their splitting. One example 
is enolase which catalyzes one of the reversible reactions of glycolysis 
(Fig. 113). This enzyme is a mctalloprotein, most probably a magnesium 
compound. Fumarase, which catalyzes the reversible conversion of L-malic 
acid to fumaric acid, and aconitase, which catalyzes the reversible trans¬ 
formation of aconotic to isocitric acid (cf. tricarboxylic acid cycle, Fig. 
114), are other examples of hydrases. 

Dehydrogenases. —Enzymes which accomplish intercellular oxidations 
and reductions by the transfer of hydrogen from one kind of molecule to 
another kind are called dehydrogenases. The essential effect of such en¬ 
zymes is that of activating the hydrogen of metabolites. Dehydrogenases 
arc widely and probably universally distributed throughout the plant and 
animal kingdoms. 

Some dehydrogenases can transfer hydrogen directly to oxygen, thus 
resembling oxidases (see later) in their action. Such “aerobic dehydrogen¬ 
ases’’ appear to be more common in animals than in plants. “Anaerobic 
dehydrogenases” transfer hydrogen to other compounds than oxygen and 
hence can operate under either aerobic or anaerobic conditions. The 
majority of plant dehydrogenases are of this latter type. 

Dehydrogenases operate simultaneously on two substrates, one of which 
is oxidized (dehydrogenated) while the other is reduced (hydrogenated). 
The former is called the hydrogen donator; the latter the hydrogen accep- 
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tor. Some, and perhaps all, dehydrogenases can catalyze the same reaction 
in both directions. Alcohol dehydrogenase, mentioned earlier in the dBcia- 
sion, can, for example, catalyze both the dehydrogenation oxidation of 
alcohol to acetaldehyde, and the hydrogenation (reduction) of acetalde- 
hyde to alcohol. Dehydrogenases are common y named for t ^ e ^ 
which serves as the hydrogen donator. Some of the principal dehydrogen¬ 
ases known to occur in plants are listed in Table 18. 

Other examples of dehydrogenase-catalyzed reactions are shown m he 
scheme for glycolysis (Fig. 113) and for aerobic respiration by the tn 
carboxylic^acid cycle (Fi^lM). Among the latter is the ox.dat.on o^suc- 

cinic to fumaric acid under the influence o succinic a serv - es a s a 

Under anaerobic test tube conditions the dye methylene blue serves 

hydrogen acceptor in this reaction: 


? H 


2 COOH 


CHaCOOH 

Succinic 
acid 


+ 


CHCOOH 

Succinic acid dehydrogenase 

Mb --* CHCOOH 


+ MbHa 


Methylene 

blue 


Fumaric 

acid 


Reduced 
Methylene 
blue (color¬ 
less) 


In this reaction hydrogen atoms are shuttled from succinic “id 
to dehydrogenase molecules to methylene blue molecules, the dehydrog 

ase being transitorily reduced in the process. ... . f i; v i nC r 

Indicators such as methylene blue are not natural const.tuents^nn mg 

cells, but cells do contain numerous substances which 
analogous to such indicators, t.e., as hydrogen acceptors. One of the mo 
important of these is the complex compound cytochro.ru wb.chis of 
spread occurrence in both plant and ammal idcntified in living 

Actually three cytochromes, a, b, a , necessary to 

tissues, but for the purpose of this d,scus * 1 °" * ' x pigmcn ted compound 

differentiate among them. Cytochrome is chlorophyll and the 

containing iron and is closely related chemically to chloropi y 

hematin of hemoglobin. svstem as a 

Cytochrome performs in a biological 0 ^ datl °":"nLes hydrogen 
hydrogen carrier. Under the influence occ ^ain^ to chrome. The substrate 
atoms are transferred from the substr rcduce ,l cytochrome is then 

is thus oxidized; the cytochrome redu d-J uence of cytochrome 

oxidized hack to its ong.nal condemn> th ^ number of 

oxidase (see later). This cycle can P • the behavior of 

times. Although usually classed as a iy rog ’ . . difficult to 

cytochrome ^substantially that of an enzyme. I ^ “ # d The 
draw any hard and fast distinction between an enzyme anu 
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cycle of reduction and subsequent oxidation of cytochrome, assuming sue 
cinic acid as the hydrogen donator, can be indicated as follows: 


!H 2 COOH 

!H 2 COOH 

succinic acid 


+ Cyt 


succinic 


acid dehydrogenase CHCOOH 


CHCOOH 

filmorin ncirl 


-f Cyt-H 2 


Cyt.H 2 + x 0 2 cytochrome Cyt + H 2 0 

Certain other dehydrogenases in addition to succinic acid dehydro¬ 
genase are linked to cytochrome in their operation. Many dehydrogenases 
are linked in their action, however, not to cytochrome, but to certain 
compounds of the class called nucleotides. The best known of these are 
diphosphorypridine nucleotide (DPN), also called coenzyme I or cozy¬ 
mase, and triophosphopyridine nucleotide (TPN), also called coenzyme 
II. Diphosphopyridine nucleotide is the coenzyme of, for example, alcohol 
dehydrogenase; triphosphopyridine nucleotide of, for example, glucose-6- 
phosphate dehydrogenase. Either of these nucleotides can apparently 
serve as the coenzyme for malic dehydrogenase or for lactic dehydro¬ 
genase from animal tissues. Both of these compounds are in part deriva¬ 
tives of nicotinic acid, one of the B-complex vitamins (Chap. XXVIII). 
The pyridine nucleotides are widely distributed in the tissues of plants 
and animals. 

The pyridine ring of the nicotinic acid amide is the active group in both 
of these compounds, being reversibly oxidized or reduced by the loss or 
gain, respectively, of pairs of hydrogen atoms. Under the influence of a 
nucleotide-linked dehydrogenase, hydrogen is transferred from the sub¬ 
strate to the nucleotide, whence it is usually transferred, under the influ¬ 
ence of other enzymes, to other molecules. The nucleotide coenzymes thus 
act, in effect, as hydrogen carriers. Under aerobic conditions, the chain 
of molecule-to-molecule transfers of hydrogen usually terminates with the 
transfer of hydrogen to oxygen, forming water, under the catalytic influ¬ 
ence of an oxidase enzyme. 

Examples of reactions in which a nucleotide coenzyme plays a role have 
already been given under the discussion of glycolysis and the anaerobic 
respiration of pyruvic acid. 

For some of the aerobic dehydrogenases the prosthetic group or coen¬ 
zyme is the compound isoalloxanthine-adenine-dinuclcotide, which is in 
part a derivative of riboflavin (Chap. XXVIII), another of the B-complex 
vitamins. This compound acts as a hydrogen carrier in certain oxidation- 
reduction reactions in a manner analogous to that of other carriers previ- 
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ously described. The riboflavin group is the active one in this compound, 
each of two of the nitrogen atoms of the riboflavin reversibly losing or 
gaming a hydrogen in oxidation or reduction reactions, respectively 

The activity of dehydrogenases may be greatly retarded or complete y 
blocked by various organic inhibitors. Some dehydrogenase inhibitors are 
more or less specific in their action. For example, malonic aci anc ] > 10 
phosphate are strong inhibitors of succinic acid dehydrogenase, but 
scareely affect other enzymes of this type. Similarly .odoacetate is a much 
stronger inhibitor of alcohol dehydrogenase than of most other dehyc ro- 
genases. Other inhibitors, such as urethane, have a generally retarding o 
checking effect on the activity of all dehydrogenases. 

Oxidases. —These are enzymes which activate molecular “O'g 
which hydrogen is then transferred from ox.d.zable substrates. The usual 
products of an oxidase-catalyzed reaction are an oxidized (dehydro¬ 
genated) substrate and reduced oxygen, i.e, wa er- “ ■ ipal 

oxidases can operate only under aerobic conditions. The thr p ’ 

oxidases known to occur in plants are cytochrome oxidase a 

ascorbic acid oxidase. Enzymes of this type catalyze, for exarnple the 
final step in those reactions of the tricarboxylic acid cycle (Fig. 

which oxygen is a reactant and water is an end product 

CytoZrome oxidase is probably the most widely distributed of the 

oxidases and is known to be present in the tissues o a nuI " , . 

and of many animals. The enzyme catalyzes the oxidation dehy g * 
tion) of cytochrome which has previously been reduced (hydrogena 

by the action of a dehydrogenase as described above distributed 

Tyrosinase ( polyphenol oxidase, catechol oxidase) is widely distr but 

in both green and non-green plants but is uncommon in amma's.Tb^e^ 

zyme catalyzes the oxidation (dehydrogenation) o a a vros ine 

phenolic compounds such as guaiacol, catechol Pyogallol, and yrosin 

(Nelson and Dawson, 1944). Oxidation probably C ^ C “ 

responding hydroxyquinone, as the following reprtsi 

the oxidation of catechol shows: 


4- Ot 


tyroflinue 


HC. 


=o 


+ HaO 


COH 


catechol 


o-hydroxyquinon« 
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Rapid polymerization of the hydroxyquinone results in formation of some 
of the dark-colored pigments which are characteristic end products of 

this reaction. 

The frequently observed reddish, brownish, or blackish discolorations 
in cut or crushed plant tissues, or in expressed juices, result largely from 
the oxidative activities of tyrosinase or from the activities of its oxidation 

products, such as the hydroquinones. 

Ascorbic acid oxidase is found in many, although by no means all, plant 
tissues but is not known to occur in animals. This enzyme catalyzes the 
oxidation (dehydrogenation) of ascorbic acid, also called vitamin C 
(Chap. XXVIII), to dehvdro-ascorbic acid as follows: 


o=c 

I 

HO—C 
HO—C 

I 

H—C 


| 


O +iOi 


ascorbic acid 
oxidase 


HO—C—H 


HO 


C—H 

I 

H 


O 

O 

O 

H 

HO 

HO 


=C 


C 

I 

C 

I 

c- 


6 + HsO 


H 


H 


H 


L ascorbic acid 


dehydro-L-ascorbic acid 


The reverse of the above reaction also occurs readily in plant tissues, 
under the influence of reducing agents, suggesting that ascorbic acid may 
operate in plants as a hydrogen carrier. Ascorbic acid can also be oxidized 
indirectly in plant tissues by a reaction with a quinone resulting from the 
action of polyphenol oxidase. 

More than one of the principal plant oxidases may occur in the cells 
of some tissues. In some kinds of cells, however, one such enzyme system 
appears to be the only, or at least the predominant, one present. Cyto¬ 
chrome oxidase has been found in the embryos of wheat (Goddard, 1944) 
and other plants, and in various other plant tissues. Among the wide 
variety of plant tissues in which tyrosinase is found are potato tubers 
(Baker and Nelson, 1943). Cytochrome oxidase is also present in this 
tissue (Goddard and Holden, 1950). Ascorbic acid oxidase appears to play 
a role in the respiration of barley shoots (James et al ., 1944) and has been 
shown to be present in a number of other kinds of plants. 

All of the oxidases appear to be metalloprotein compounds. Cytochrome 
oxidase is an iron or copper compound. The tyrosinase of potatoes is a 
copper proteinate (Kubowitz, 1937), and this also appears to be true of 
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ascorbic acid oxidase (Powers et al., 1944). In all of these enzymes the 
metallic group appears to be both the prosthetic and catalytically active 

group. 

All of the oxidases are strongly inhibited by certain substances such as 
cyanides, sulfides, and azides, which react readily with the metallic 
groups. Many oxidases are also inhibited by carbon monoxide. For cyto¬ 
chrome oxidase, and perhaps some other oxidases, such carbon monoxide- 
inhibited systems can be reactivated by exposure to light. _ 

Peroxidases.— Enzymes of this group are widely distributed in plants 
and animals. One of the best sources of a plant peroxidase is horseradish 
root. Peroxidases catalyze the oxidation of phenolic compounds and cer¬ 
tain other closely related substances, using oxygen derived from hydrogen 
peroxide. This latter compound is formed in at least small quantities in 
cells, as a result of the activity of certain aerobic dehydrogenases and 
perhaps also of other enzymes. Peroxidases are supposed to operate by 
transferring hydrogen from a substrate (i.e., oxidizing the substrate) to 
hydrogen peroxide, thus converting the latter into water. The reaction is 
analogous to that of oxidases, except that hydrogen peroxide serves as 

the hydrogen acceptor instead of oxygen. . . 

The exact physiological role of peroxidases is not clear although it is 

considered probable that these enzymes participate in metabolically im¬ 
portant reactions. Peroxidase from horseradish root is an iron protein 
compound with the iron in a hcmatin group, this latter acting as the 
prosthetic group (Theorell, 1947). Like oxidases, peroxidases are strongly 

inhibited by cyanides, sulfides, and azides. .... ~ 

Catalase. —This enzyme is widely distributed in living organisms^ Cata- 

lase, like peroxidases, acts on hydrogen peroxide, catalysing its decom- 
position into water and molecular oxygen: 


2 H 2 0 2 2 H 2 0 + 0 2 

In spite of the fact that it is one of the most ubiquitous 
role of catalase is obscure. It is commonly considered that th• P™*nce 
catalase prevents any accumulation of hydrogen Pe™x.de tn ceUs. Th.s 
compound, which in any appreciable concentration is toxic, is known to 

be a Droduct of certain types of enzymatic activity. 

Catalase is an iron-protein compound with the iron in a hcmatin group. 
It has a molecular weight of about 250,000 and has been prepared in pure 
cry stalhneforrnby Sumner and Dounce (1937). Catalase activity is 
strongly inhibited by sulfides, cyanides, and asides. It is not active under 

"SSESKS-n- «— —* —»* “« l 
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tion and a correlated high enzymatic activity. Hence a correlation usually 
exists between the catalase activity of a tissue and its metabolic status. 
Measurements of the catalase activity of a tissue are therefore often ac¬ 
cepted as an index of the intensity of metabolic activity in that tissue. 
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Fats and fat-like substances are present in 
essential constituents of the protoplasmic kys accumulate 

-I--. •< -I —«sr.sri t.- 

until they make up near y hal _ h ydro g e „, carbon, and oxygen- 

composed of the same three elemcn . however they are dis- 

that make up carbohydrates. As foot * u ^hiT results from the very low 
tinguished by their high energy eon • molecule of the fat 

percentage of oxygen in the a mo ecule. A ; mgle^ ^ Qnly six 

palmitin, for example, contains > similar; the distinction be- 

oxygen atoms. Chemically, fats an ‘ opcr tj cs . Fats are solids 

tween them rests on differences in th I y ‘ [itj to t | ic i r great im- 
at room temperature while oils are hqu.d ln adad.on to 8 of 

portanee as foods, fats and the.. f succeecHng discxrssion will show, 

other indispensablei roles in plan s . ^ compoun ds of the type termed 
Esters.— Fats and most other I • rcac tion between an alcohol 

esters. Esters are compounds form > an(i acetic acid, for ex- 

and an acid. The reaction between ethyl alcoho. a 

ample, results in the formation of ethyl acetate, a typical 

CaHsOH + CHaCOOH ^ CH,COOC 2 H 6 + H.O 

acetate 


Ethyl fcCiQ 

, . „ fottv acids of relatively high 

Fats and most other lipids are esters « > 

molecular weight with complex ako os consi(ierc d to be compounds 

The Lipids —In general, hpi< s y so i vcn ts (ether, chloroform, 

which are insoluble in water but so u cst ers of fatty acids or 

benzene, etc.) and which chemically are eiinc 
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Ac*tic 

acid 
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hydrolytic products of such esters. The following classification is based 
on a somewhat more elaborate one given by Bloor (1943): 

I. Simple Lipids—esters of fatty acids with various alcohols. 

1. Fats—esters (“glycerides”) of fatty acids with glycerol that 
are solid at room temperature. 

2 . Oils—esters (“glycerides”) of fatty acids with glycerol that 
are liquid at room temperature. 

3. Waxes—esters of fatty acids with alcohols other than glycerol. 

II. Compound Lipids—esters of fatty acids containing groups in addi¬ 
tion to alcohol and fatty acid radicals. 

1. Phospholipids (often called phosphatides)—substituted fats 
containing phosphoric acid and nitrogen. Lecithin and ceph- 
alin are the best known examples. 

2. Glycolipids—compounds of fatty acids with a carbohydrate, 
also containing nitrogen. Compounds of this group are not 
definitely known to occur in plants. 

III. Derived Lipids—certain substances derived from compounds in the 
aboye groups by hydrolysis. 

1. Fatty acids of various series. 

2. Sterols—mostly alcohols of large molecular weight, soluble in 
fat solvents. Examples: cholesterol (C L . 7 H^-,OH I, and ergos- 
terol (C-jsHYiOH). 

Fatty Acids.—There are two principal groups of fatty acids, the satu¬ 
rated and the unsaturated. With very few exceptions the fatty acids found 
in living organisms contain an even number of carbon atoms. The general 
formula of fatty acids of the saturated series is C„Hj n +iCOOH. The fol¬ 
lowing arc the principal acids in this series: 


Formic 

HCOOH 

or 

ch 2 o 2 

Acetic 

CII3COOII 

or 

c 2 h 4 o 2 

Propionic 

CH 3 (CHo)COOII 

or 

c 3 h 6 o 2 

Butyric 

CH 3 (CH 2 ) 2 COOH 

or 

C4H8O2 

Caproic 

CH 3 (CH 2 ) 4 COOH 

or 

c 6 h 12 o 2 

Caprylic 

CH 3 (CH,,) 6 COOH 

or 

CsHl60 2 

Capric 

CH 3 (CH 2 )*COOH 

or 

O10H20O2 

Laurie 

CII 3 (CH 2 ) 10 COOH 

or 

Cl 2 H 2 40 2 

Myristic 

CH 3 (CH 2 ) 12 COOH 

or 


Palmitic 

CH 3 (CH 2 )uCOOH 

or 

C16H3202 

Stearic 

CH 3 (CH 2 ) 1# COOH 

or 

CiaH^Oo 

Arachidic 

CH 3 (CH 2 ) 1s COOH 

or 

C 2 oH 4 n^ 
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The first four homologucs in the al.ove series <lo not commonly occur in 
fats. Caproic, caprylic, and eaprie acids occur as glycerides in palm^and 
coconut oils. Laurie acid has been found as a glyceride in laurel cocon 
and palm oils. Palmitic acid is found as glycerides in hayherry uax palm 
oil, and many other plant and animal fats. Stearic acid - *nl a con¬ 
stituent of many plant and animal fats. Arach.d.c acd is found ahnn 

d “£ jitrs srsstU- -»*» ».««— *-?* t 

The molecules of such compounsls contnm one or more l ,illr - 0 
atoms united by a double bond. Molecules of such acids are not entire 

“saturated" with hydrogen as they possess the capacity n^ 

two additional atomsStains one 
known of the unsaturated fatty ac formula can 

double bond located at the midpoint <' f ‘ “-^ ,ir '"".^Lch (CH .I-COOH 
therefore be indicate., as eontiins two 

Linoleic acid (CikH.v4>o) is an txai i • , f , t u e f onn 

double bonds. Oleic and linolcic are a( . i()s Linolen ic acid 

of glycerides (fats and oils, > f • >J ' flnul ,lc bonds. A number 

<C„H3o 0 2 ) , found in linseed peon isolated from the 

of other less common unsaturuted fatty arm 

tissues of plants and anhnaK inc „, t|l hydrogen, oxygen, or 

All of the unsaturated f. tt> a • , sunflo wer, and certain 

the halogens. The “drying of’the highly unsaturated 

other oils arc a consequence \ • of the air, resulting 

fatty acid radicals the oil for reacting mH« ox> g 

in the formation of solid. turated or unsaturated-is ap- 

None of the fat-forming ; • ; nu . ml)cr , of th e saturated series are 

preciably soluble in water. J containing ten or more car- 

liquids at ordinary tempeiatui ., j f tt aci ,ls found in plants 

bon atoms are solids. Most of the unsaUi™ ^ faHy aci(ls resemble 

are liquids at ordinary tempeiatuiics. I U 

the fats proper in most of their h f ats being insoluble in 

is generally considered that * . 


M»hyorates uk- ~. 

, , Bl involved are reversible, so rapid intcrconver- 

fats. Many of the reactions ir ^ p|ftce in , iving cells. 

sions of carbohydrates and fa • ‘ J. > organisms by the condensation 

Fat molecules are synthesis tlvcerol with three molecules of 

of one molecule of the tnhydne alcohol gl> 
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the same or different fatty acids. Both the glycerol and the fatty acid 
molecules are derived from carbohydrates during respiration. The general 
scheme of fat synthesis may be therefore represented as follows: 


Carbohydrates 



Glycerol 




Fatty Acids 



Fats H- Water 


During the maturation of many oily seeds an increase in oil content 
occurs concurrently with a decrease in the quantity of carbohydrate pres¬ 
ent (Table 33). This indicates that the carbohydrates in the seed are being 
converted into fats, and is in accord with the generally accepted theory 
of fat synthesis. 


TABLE 33 —CHANCES IN THE PROPORTIONS OF FATS AND CARBOHYDRATES IN THE KERNEL OF 
ALMOND SEEDS DURING MATURATION (DATA OF LE CLERC DU SABLON, 1896) 


Date of collection 

Per cent 
fat 

Per cent 
glucose 

Per cent 

sucrose 

Per cent starch 
and dextrins 

June 9. 

2 

6 

67 

21.6 

July 4. 

IO 

4.2 

4-9 

14.1 

August 1. 

37 

0 

2.8 

6.2 

September I. 

44 

0 

2.6 

5 4 

October 4. 

46 

0 

2-5 

5 3 


From the preceding discussion it is evident that there are three principal 
steps in the synthesis of fats in plains: (1) synthesis of glycerol, (2) syn¬ 
thesis of fatty acids, and (3) condensation of fatty acids and glycerol 
resulting in the formation of fats. 

1. Synthesis of Glycerol .—It is probable that more than one mechanism 
exists whereby glycerol is synthesized in living cells. One known method 
of synthesis is from the dihydroxvacetonephosphate which is one of the 
products into which fructose diphosphate is split under the influence of 
the enzyme aldolase in the glycolytic chain of reactions (Fig. 113). Be¬ 
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I 

c—o— ii 2 po 3 
I 

0=0 


+ DPN.IIo 
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II—C—OH 
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auction of dihydroxy acctonephosphate converts it into a-glycerophos- 

^Subsequent dephosphorylation of the ^-glycerophosphate results in its 
conversion into glycerol: 

II 

H—C—OH 



H—O—OH 


^ phosphatase TT A att 

4- H 2 0-* H C OH 


H—C—OH 


H—C—OH 


H 

a- glycerophosphate 


H 

glycerol 


F,o. «, standpoint o. 
energy content of glycerol is higher t.ian 

which it is derived. f .. r 0 .:.i mft 1poules 

_ „ . ., c with few exceptions fatty acid moiecuies 

occur only in Uaces in heaUhy P'-nt to- Th” 

molecules that have an even number 

Although there is little doubt that fattyare ^ 

tain derivatives of carbohydrates the details of this process 

olism, there is no evidence a\a g . on bacteria and certain 

as it occurs in the higher plants^ Inves ^ ^ ^ stcpwis e out of two- 

animal tissues indicate that fa > similar mechanism of 

carbon atom compounds. It “ of^iilgher ptal. Some of the possi- 
fatty acid synthesis occurs in th ^ scn . c a s units in such reac- 

ble two-carbon atom compoun ac j ( p This concept is in 

tions are acetaldehyde ethano^an fatty acids always 

accord with the fact that . Barker et al (1945) have 

contain an even number ocar’ of 6Uch a process in the 

obtained direct evidence fo TTnf i pr anaerobic conditions this organism 

bacterium Clostridium klu V v °™. . and capro ic acids from acetic acid and 

can accomplish synthesis of y „ effcc t as follows: 

ethanol by reactions which proceed in overa 

„„ _► CH,(CH,).COOH + H.O 

CjHfcOH + CHiCOOH butyric acid 


2 CiH»OH 4- CH.COOH 


C H,(CH,)«COOH 4- 2H a O 

caproic acid 
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Bv similar reactions it may be presumed that longer fatty acid chains 
could be built up, two carbon atoms at a time. 

The conversion of carbohydrates to fatty acids, by whatever series of 
reactions this is accomplished, involves reduction of carbon atoms and 
requires energy. The energy for these chemical changes is furnished by the 
process of respiration. 

3. Condensation of Fatty Acids and Glycerol .—The final stage in the 
process of fat synthesis consists in the esterification of glycerol with fatty 
acids. Using palmitic acid for purposes of illustration this reaction can he 
written as follows: 


CH 2 OH 
CHOH + 

I 

ch 2 oh 

Glycerol 


C15H31COOH C, 6 H3iCOOCH 2 

1 I nocp 

Ci 5 H 31 COOH-^C 16 H3iCOOCH + 3 H 2 0 

l 

Ci 6 H 31 COOH <- CisUuCOOCHz 

Three molecules of Palmitin 

palmitic acid 


In the fat palmitin, represented in the above equation, the three fatty 
acid radicals are all of the same species. This is, however, the most infre¬ 
quent type of fat structure. Most commonly each of the fatty acid radicals 
is different, and fats in which only two of the three fatty acid radicals 
are alike are of more frequent occurrence than those in which all three are 
alike. Naturally occurring fats are usually mixtures of a number of chem¬ 
ically different kinds of fats of which palmitin is simply one common 
example. 

Evidence that this is the final step in the synthesis of fats may be re¬ 
garded as conclusive. This is indicated on the one hand by the fact that 
when fats are hydrolyzed in the laboratory by the action of acids, alkalies, 
or extracts of the enzyme lipase the products of the reaction are fatty 
acids and glycerol, suggesting that these are also the compounds from 
which the fats are synthesized. Digestion of fats to fatty acids and gly¬ 
cerol in plant cells is also accomplished by lipase. . 

Furthermore, synthesis of fats from fatty acids and glycerol under the 
influence of lipase can actually be demonstrated in the laboratory. If 
glycerol, a fatty acid, and an extract of lipase be mixed in the proper 
proportions, precautions being taken to keep the mixture sterile, and 
incubated for a suitable period of time, the disappearance of fatty acids 
from the mixture can be demonstrated. Some of the fatty acid molecules 
are removed from the mixture under such conditions and tied up in the 
formation of fats. 

The enzyme lipase is widely distributed in plants, but is found in 
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greatest abundance in germinating seeds in which relatively large quan¬ 
tities of fats are present, such as those of castor bean, soybean, sunflower, 
flax, hemp, rape, and corn. This enzyme is also found in animals and in 
some species of bacteria. 

The synthesis of fatty acids and glycerol appears to be so regulated 
in plant cells that neither of these compounds is present, ordinarily, in 
appreciable quantities. Furthermore, esters of glycerol with only one 
fatty acid molecule or with two fatty acid molecules are very rare. It 
would seem, therefore, that the rate of fatty acid synthesis is almost 
exactly three times the rate of glycerol production and that esterification 
of glycerol occurs promptly and completely. The synthesis of fats from 
fatty acids and glycerol involves only a negligible energy change. 

The Phospholipids.— As the name implies the phospholipids are a highly 
complex group of fatty compounds which contain phosphorus. Nitro¬ 
genous groups are also present in many of these compounds. The. best 
known of the phospholipids are lecithin and cephalin, which are believed 
to occur in all plant and animal cells. The structural formulas of these 
two compounds are as follows, Ri and R 2 representing fatty acid radicals. 



2 —CHr—N + (CH,), 


a-lecithin 


CH2O—Ri 

I 

CHO—R* O 

CH2—O P—O—CHz—CH*—N H 2 

in 


a-cephalin 


The molecules of these two compounds are similar to fat molecules the 
essential difference being that one fatty acid molecule is rep ace y 
another group containing phosphorous and nitrogen. Since various in 8 
of fatty acids can be combined in the R. and R 2 positions as shown m 
the foregoing structural formulas, a number of different kinds of lecithins 

and ccphalins are possible. . ... 

The physiological role of these compounds in cel metabolism is un¬ 
certain. They are believed to influence the permeability of the proto¬ 
plasmic membranes and to be important, because o eir emu si ymg 
properties, in maintaining the structure of the protoplasmic system. 
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The lipositols are another group of phospholipids. In these compounds 
inositol constitutes the alcohol rather than glycerol. Inositol is a cyclic 
compound containing 6 hydroxyl groups: 


OH H 



Inositol 


Inositol has a widespread occurrence in plant tissues both in the free 
and combined forms. It appears to be one of the essential vitamins 
(Table 44). 

Sterols.—These are complex, cyclic (i.e., containing ring groupings) 
alcohols of high molecular weight. Cholesterol (C27H45OH) is the best 
known of these compounds and is apparently present in all animal cells, 
being especially abundant in the brain and nervous tissue. Cholesterol 
is not known to occur in the higher plants, but a number of similar com¬ 
pounds, known as the phiftosterols, have been isolated from plant tissues. 
One of the most interesting of the sterols is ergosterol (C 28 H 43 OH). This 
was first discovered in ergot but is now known to be widely distributed 
in plants and animals. It is abundant in yeast which serves as its com¬ 
mercial source. Especial interest attaches to this compound, since it is 
a precursor of the anti-rachitic vitamin D (Chap. XXVIII). Upon irra¬ 
diation ergosterol is converted through a series of intermediate compounds 
into this vitamin. 

Waxes.—These compounds are usually fatty acid esters of saturated 
monohydroxy (rarely dihydroxy) alcohols such as cetyl alcohol (C 16 H 33 - 
OH), eeryl alcohol (Co 0 H B 3 OH), and myricyl alcohol (CsiHesOH) 
Some waxes, however, are fatty acid esters of the sterols. Waxes are of 
widespread occurrence in both plants and animals. Examples are beeswax, 
poppy wax, and the wax of the bayberry from which candles are made. 

Physiologically waxes are important as constituents of the coatings 
which cover the outer surface of epidermal cell walls. The presence of 
these waxy coatings greatly reduces the loss of water from exposed plant 
tissues (Chap. IX). Waxes are very rarely found within living plant 
cells. 

Cutin and Suberin.—The chemistry of both of these substances is very 


ROLES OF THE LIPIDS IN PLANTS 


451 


imperfectly known, although it has long been recognized that their 

chemical affinities are with the lipids. 

Cutin apparently is a mixture composed principally of free fatty acids 

(often in oxidized form) and condensation products of the fatty acids 
such as waxes and soaps. The fatty acids present appear to be prepon 
derantly hydroxy-fatty acids, i.e., those which contain one or more y 

droxyl groups in the molecule. 

Suberin appears to be a mixture of substances consisting prin¬ 
cipally of condensation products and other modification o p e omc 
(CH 3 -(CH 2 )i 9 -CHOH-COOH), phloionic (C 18 H 3 40 c), and other sim¬ 
ilar acids. The principal chemical distinction between cutin and suberin 
is that the constituent fatty acids are different in the two materia s 
and that glycerol is one of the hydrolytic products of suberin, but not o 
cutin. Suberin is found in the walls of cork cells, cutin occurs on 


outer surfaces of epidermal cell walls. 

Soaps.— Fats react with inorganic bases as illustrated in 


the following 


representative reaction: 


CiJSuCOO^ 

C«H,iCOO—C,H 6 + 3 NaOH 

CuHnCOCj/ 

pal mi tin 


3 Ci&HaiCOONa + C 3 H 5 (OH) 3 


e cxJium pal mi tat© 


Klycerol 


This reaction is called saponification and the resulting salt of ^ ^ 
acid, in this example sodium palmitate, a soap. • oaps arc o 
occurrence in plant cells. They arc excellent emuls.fiers and probably 

serve in this role in the protoplasm. ii t) i,is in 

Roles of the Lipids in Plants.-Protoplasm always contains lipid, ^ 

finely emulsified form. They arc especially abundant ,n P ‘ f 
of meristematic cells. It is impossible to determine just what proportion 
of the lipid material dispersed in this way represents Btorage food whmh 
may ultimately be used as such, and how much -presents .iid^pensable 

constituents of the protoplasm. In some cells, par "j u occur 

which are rich in stored fats, relatively large droplets of oil may occur 

as inclusions in the protoplasm. . ,nuhtcdlv 

Fats serve as storage forms of food in plants, and this s umfcmb dly 

one of their principal roles. The fats which accumu ™ 8 in P ^ 

are liquid within the usually prevailing range of e p 

Pe Fa?s ‘aTe 6 especially abundant as ",^7 n nri'arice i. h u "Uy 

species. Those varieties of seeds in which o > 
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contain relatively small quantities of carbohydrates and vice versa. 
Species which produce seeds rich in fats include cotton, corn, peanut, 
sunflower, rape, flax, and castor bean. All of these species are important 
commercial sources of vegetable oils. Olive oil, a staple food product 
in many countries, is extracted from the fruits of the olive. Oils fre¬ 
quently occur in abundance in many other plant organs, as for example 
in the rhizomes of potato and iris, and in the aerial organs of many woody 
species, especially during the winter months. 

Until recently fat storage tissues in both plants and animals have 
been considered to be areas of low physiological activity. The use of 
radioactive isotopes and other tracer techniques have shown that the 
fat deposits in animal tissues are actually centers of great metabolic 
activity. Fats are constantly being digested and resynthesized. Fatty 
acids of one kind are rapidly converted into other fatty acids and built 
back into other fat molecules. Whether the fats in storage tissues of 
plants are similarly reactive is not known, but it is a reasonable pre¬ 
sumption that continuous utilization and resynthesis of fat molecules 
occurs in such tissues also. 

During the germination of fatty seeds the oils present gradually dis¬ 
appear. This is shown for sunflower seeds in Table 34, in which the ‘‘ether 


TABLE 34 -CHANCES IN THE CHEMICAL COMPOSITION OF GERMINATINO SUNFLOWER SEEDS, IN 

TERMS OF CRAMS PER IOO SEEDS OR SEEDLINGS (DATA OF MILLER, I9I0) 




Seeds 

Seedlings 

4 days 

5 days 

7 days 

10 days 

14 days 


Cotyledons 

3-79 

3 °o 

2-53 

1.30 

O.5O 


Ether extract . 

Hyp. and roots 

0.21 

O. 19 

O. 12 

0.21 

0.27 


- 

I__ 

Cotyledons 

0.28 

0.06 

0.09 

0.12 

0.09 

0.05 

1 otal sugars. 

Hyp. and roots 

O. Ol 

0.07 

0.30 

0.43 

o- 3 S 

0.16 

Reducing sugars .. . 

Cotyledons 

.... 

• • • • 

• • • • 

0.05 

O.O9 

0.02 

Hyp. and roots 

• • • • 

0.07 

0.27 

0.38 

o -35 

m 


Cotyledons 

1.66 

I .18 

1 03 

m 

0.63 

0.48 

rrotein . 

Hyp. and roots 

m 

O. 1 I 

O. 12 

0. 20 

O. 20 

0.14 

111__ 

Cotyledons 

B 

O. 12 

m 

0.18 

0.20 

0.21 

Cellulose . 

Hyp. and roots 

0.01 

0.05 

0. 10 

0.24 

O.4O 

0.32 
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extract” is taken as a composite measure of the oily constituents present. 
Concurrently with the disappearance of fats there is a temporary increase 
in the quantity of soluble carbohydrates present as well as a progressive 
increase in the amount of cellulose. The carbohydrates are undoubtedly 
formed from fatty acids and glycerol resulting from the digestion of fats. 
It can be shown that fatty acids accumulate temporarily in oily seeds 
during germination. This cannot be demonstrated for glycerol ; apparently 
this compound is transformed into other substances as rapidly as it is 
made. The simpler carbohydrates arc undoubtedly formed first and cel¬ 
lulose then synthesized by the condensation of glucose molecules. The 
protein content of the seeds also decreases during germination, but this 
is probably chiefly because of their conversion into amino acids and acid 
amides. Subsequently most of the hydrolytic products of the proteins are 
probably used in the construction of new protoplasm. A part of the car o 
hydrates resulting from chemical transformations of fats is utilized in the 
synthesis of cellulose and other cell wall constituents; another portion of 

them is used in respiration. 

Essential Oils.—These substances are chemically quite different from 
the true fats and oils but can be discussed conveniently at this point. 
Most of the compounds classified as essential oils are pungent aromatic 
compounds. They arc responsible for many of the distinctive odors an 
flavors of plants. Synthesis of essential oils is confined to a relative y 
small number of plants. They are especially characteristic of plants be¬ 
longing to certain families such as the Pinaceae, Labiatae, Compositae, 
Lauraceae, Myrtaceae, and Umbelliferae. Essential oils are usually found 
only in certain cells of the plant body. In many kinds of plants they are 
synthesized in glandular cells or hairs of stems or lea\es. n vanou., 
species of pine the oleoresin, an essential oil from which turpen me is o > 
tained. is synthesized in cells lining the resin ducts. 

A rather heterogeneous group of compounds is often lumpcc og< i 
under the classification of the essential oils but most of them are terpenes. 
Chemically the terpenes can be regarded as derivatives o 10 5 H 

pound isoprene, which has the following structural formu a. 


CH S 


CH 



=CHj 


Terpene molecules are constructed from multip es o isoprene mr> •. 

having molecular formulas of CioHio, CioH24» C 20 I 3 ~’ or 10 

of the essential oils is composed of the two simpler types o erpenes. 
isoprene units in the terpenes may be linked together as 8 raig 1 c lains 
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or in the form of rings, some of which may be quite complex. Further 
modifications in structure may occur as a result of oxidation or reduction 
of certain groups, resulting in the frequent presence in the molecule of 
aldehyde, ketone, or alcohol groups. 

Such oils as peppermint, lemon, rose, pennyroyal, bergamot, lavender, 
and sassafras consist largely or entirely of terpenes. The principal con¬ 
stituent of turpentine is pinene, a C 10 H 10 terpene. Camphor is a pure 

terpene of this same molecular formula. Most 
of the essential oils arc highly volatile and 
evaporate readily from plants. 

The essential oils have no known role in 
plants. They are probably to be regarded as 
metabolic by-products. 

Rubber.—This well-known product of plant 
metabolism is also an isoprene derivative. A 
rubber molecule consists of a long chain (500- 
5000) of isoprene units linked together end 
to end. 

Although by no means a universal meta¬ 
bolic product in plants, rubber is known to be 
present in more than 2000 species. The prin¬ 
cipal families in which rubber plants occur are 
the Euphorbiaceae, Moraceae, Compositac. 
Asclepidaceae, and Apocynaceae. Practically 
all of the natural rubber of commerce comes 
from the tree species Hevea brasiliensis. Minor 
quantities of rubber are harvested from cer¬ 
tain other tropical species and from two tem¬ 
perate zone species, guayule (Parthenium ar - 
gentatum) and Russian dandelion (Taraxacum 
kok-saghyz). 

Rubber occurs as microscopic particles 
(0.01-50 g in diameter) suspended in the latex. 
The stability of the suspended rubber particles 
is maintained by proteins of the latex, some of which become adsorbed on 
the surface of the particles. Latex is a usually milky appearing liquid 
that is confined in those plants in which it occurs to the latex ducts (Fig. 
115). The latex tubes commonly ramify to all parts of those plants in 
which they are present. In the trunks of Hevea and other woody species 
they are confined to the bark. Rubber is not present in the latex of all 
latex containing plants, and is only one constituent of the latex when it 
does occur. Other constituents, in addition to water, include amino acids, 



Fir,. 115. Longitudinal sec¬ 
tion through portion of the 
cortex of a dandelion root 
showing lactiferous system. 
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proteins, mineral salts, lipids, sugars, terpene derivatives, and enzymes. 
The rubber is actually synthesized within the cytoplasm of the latex 
ducts. The percentage of rubber in latex varies greatly from species to 
species and from plant to plant within a species. Hevea latex is 20-60 per 

cent rubber by weight. . ... , • 

There is no evidence that rubber plays any essential metabolic role in 

plants. As far as is known it is merely a metabolic by-product. 
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The dry-matter content of any plant tissue can be determined with a 
fair degree of accuracy by drying a sample of that tissue in a suitable 
oven at a temperature of 100°C. The residue remaining after evaporation 
of the water represents the nonaqueous constituents of the tissue. The 
percentage dry-matter content of plant tissues varies greatly, ranging 
from 90 per cent or even more in dormant structures such as seeds to 5 
per cent or sometimes less in very succulent tissues. That the dry matter 
fraction of any plant tissue is composed principally of organic compounds 
can be demonstrated by subjecting it to combustion. This is accomplished 
by transferring a sample of the dry matter to a crucible and heating it 
over a flame or in a muffle furnace at a temperature of about 600°C. 
The small grayish residue resulting from this treatment is called the ash. 
Almost all of the dry matter is oxidized at this temperature and the de¬ 
composition products pass off in the form of gases. Practically all of the 
dry matter that disappears during combustion represents organic com¬ 
pounds which are decomposed as a result of subjection to high tempera¬ 
tures. 

The ash corresponds roughly to the mineral salts that have been ab¬ 
sorbed from the soil, but does not include any nitrogen since this element 
passes off in the combustion process along with carbon, hydrogen, and 
oxygen. The mineral elements do not occur in the ash in the pure state, 
but mostly as oxides. The actual values obtained for the ash content of a 
plant tissue depend upon the ignition temperature used. A portion of some 
of the mineral elements present is often lost by sublimation or vaporiza¬ 
tion. This is especially likely to happen to chlorine and sulfur, but potas¬ 
sium, calcium, phosphorus, and perhaps other elements are sometimes 
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lost in this way. Hence the ash content of a tissue furnishes only a rather 
crude measure of the mineral element content of that tissue. 

The role of nitrogen in the metabolism of plants is discussed in Chap 
XXVI, but from the standpoint of the mechanism of absorption of mineral 
salts, nitrogen will be included among the mineral elements. 

The total ash content of plant tissues and organs varies rom a frac ion 
of 1 per cent to 15 per cent or even more of the dry weight of the plant 
material. Fleshy fruits and woody tissues are usually low in ash content, 
often containing less than 1 per cent, while the as i eon on 0 
usually relatively high, often exceeding 10 per cent Tobacco caves Jo 
example, contain on the average about 12 per cent of ash on a d^-we.ght 
basis. The ash content of other plant organs usually lies someuhere 

is „«*..* ** *« 

of the chemical elements that is not found at “ ™ ZZ 

of plant, under certain conditions. Actua y , • . , ina i vs is. 

elements have been identified us occurring in p an s arium boron 

The list of these elements includes aluminum arsenic, num.ton 

bromine, caesium, calcium, carbon, chlorine, c r ’ ge mercury, 

fluorine, hydrogen, iron, lead, 1,th,um - "^^aUium, rubidium, sele- 

molybdenum, nitrogen, oxygen, pho P . , titanium, tin, 

nium, silicon, silver, sodium, strontium, sulfur, thallium, 

vanadium, and zinc. 

.paves cob, and grain or a mature corn 
TABLE 35—ELEMENTAL ANALYSIS Of THE avERACe' VALUES FOR FIVE PLANTS (DATA OF 

PLANT ( 44 PRIDE OF SALINE ), BA E 


Element 

Weight in grams 


364-19 


37 ' 42 


52 .'7 

Nitrogen. 

Sulfur . 

12.19 

1 4 ‘ 6 


1 697 

sr nobpnui u .. 

1 893 


7.679 


I.525 


O.7I4 


0.269 

Silicon. 

9 75 6 

0 894 


1.216 

Undetermined 

78 


Percentage of total 
dry weight 


43 5 6 9 

44 43 * 
6 244 

>459 
o. 167 
0.203 
0.227 
0921 

0. 179 

0.083 
0035 
1.172 
o. 107 

0.143 

O 933 
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Only fourteen of the elements listed above are found regularly in plants 
in appreciable quantities (Table 35) and not all of these appear to be 
essential. The question of which are the essential plant elements is con¬ 
sidered in the next chapter. 

The composition of plant ash varies both with the species and the en¬ 
vironmental conditions under which the plant has developed. Comparative 
figures on the percentages of five of the more important mineral elements 
in several different species of plants growing in the same soil are given in 
Table 36. 

The data in Table 36 show that, even if they develop under soil and 
climatic conditions as nearly identical as possible in a greenhouse, differ¬ 
ent species of plants contain very different proportions of the various 
elements obtained from the soil. Until the mechanism of the absorption 
and translocation of mineral salts into and through plants is better under¬ 
stood, it is doubtful if any even partially adequate explanation of this 
fundamentally important fact can be formulated. 


TABI.E 36-PERCENTAGE OF CALCIUM, POTASSIUM, MAGNESIUM, NITROGEN, AND PHOSPHORUS 

IN THE TOPS OF SEVERAL SPECIES OF PLANTS CROWN IN A GREENHOUSE IN AN ALBERTA 
"BLACK BELT" LOAM SOIL (DATA OF NEWTON, I928) 


Species 


Percentage of dry weight 


Cl 

K 

Mg 

N 

P 

Sunflower. 

1.68 

3 *‘.7 

0.730 

1-47 

0.080 

Bean. 

1.46 

1 19 

0.570 

x.48 

0.053 

Wheat. 

0.46 

4.I6 

0.125 

a. 26 

0.058 

Barley. 

0.68 

4 04 

0.292 

1.94 

0.125 


The composition and other properties of the soil in which a plant is 
rooted will also have an effect on the proportion of each of the various 
elements absorbed by that plant. Innumerable examples of this fact can 
be cited from the practice of fertilizing. Addition to the soil of a com¬ 
pound which can be absorbed by plants usually results in an increased 
absorption of that substance by the plants although the increase in the 
amount of the element within the plant tissues is usually not proportion¬ 
ate to the increase in the amount of that element in the soil. Plants often 
absorb from the soil mineral salts far in excess of their actual metabolic 
requirements. Potassium, phosphate, sulfate, and other ions often accu¬ 
mulate in plant cells in excess of the quantities actually utilized by the 
cells. 

The Soil os a Source of Mineral Elements. —With only minor exceptions, 
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all of the mineral elements which enter into the composition of terrestrial 
plants come from the soil. For a long time in discussions of the absorp¬ 
tion of mineral salts by plants, attention was focused on the soil solution. 
Recent advances in soil science have made it increasingly clear, however, 
that the mineral salts dissolved in the soil solution are not the only ones 
which must be considered in any evaluation of the mineral salt relations 
of soils as they influence the entrance of such solutes into plants. 

The fundamental physicochemical properties of soils result largely from 
components present in the colloidal state. In most soils the colloidal frac¬ 
tion is made up principally of clay micelles, but organic matter, when 
present in any considerable quantities, is also an important constituent 
of the colloidal fraction of the soil. The clay particles of the soil are com¬ 
posed principally of alumino-silicates and, although mostly of colloidal 
dimensions, have a definite crystalline structure. 

The micelles of colloidal clay are usually negatively charged and have 
associated with them certain cations which may be regarded as occupying 
a position analogous to the ions in the outer layer of an electrical double 
layer (Chap. III). Such ions may be located, not only at the surfaces of 
the particles, but also within the spaces of the crystal lattice itself. The 
cations most commonly associated with the clay particles of natural soils 
in this manner are Ca ++ , Mg + + , K + , Na + and H + . Cations arc also 
similarly associated with soil colloidal particles of organic origin. 

Under certain conditions cations of one kind can be displaced from clay 
particles and replaced by cations of another kind. For example, if an 
acidic soil be treated with a calcium chloride solution, some of the in¬ 
troduced Ca + + ions replace H + ions, an equivalent quantity of II f ions 
being displaced into the solution where they pair with the residual Cl~ 
ions. This reaction may be represented as follows: 



11 + 


Clay 

4 - Ca^ 4 2 Cl" — 

Clay 

H + 



Ca++ + 2H++2C1- 


Actually each clay micelle usually has many cations, of like or unlike 
species, associated with it, but, in the interests of simplicity, this equation 
has been written in terms of only two adsorbed H + ions. Other cations 
associated with micelles can be replaced in similar reactions, but the pro¬ 
portion of any kind of adsorbed ion entering into such reactions will van' 
greatly depending upon the conditions under which the interchange of 

cations takes place. 

The phenomenon which has just been described is called cation ex¬ 
change. Such interchanges of cations often occur very rapidly and are 
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reversible. In most neutral and slightly alkaline soils Ca ++ is the prin¬ 
cipal replaceable cation, although appreciable quantities of Mg ++ are 
also often present. The H+ ion is the principal replaceable cation in 
acidic soils. In alkali soils Na + ions constitute a considerable proportion 
of the replaceable cations. All of the exchangeable cations are not retained 
by the micelles with equal effectiveness. The usual order of the retentive 
capacity of the micelles for cations is H + ) Ca ++ ) Mg + + > K + )NH 4 + 
> Na + . In other words, of all the cations in the above series, the H + ions 
are the most tenaciously bound to the colloidal particles and are the 
most difficult to displace, whereas the opposite is true of the Na + ions. 

The addition of inorganic fertilizers to soils often induces exchanges of 
cations between the clay particles and the soil solution. If lime, for ex¬ 
ample, be applied to a soil, some of the introduced Ca ++ ions will par¬ 
ticipate in exchanges with some of the cations already adsorbed on the 
micelles. H + ions will be among the ones which are displaced by Ca + + 
ions (c/. equation given above). In fact one of the principal objectives in 
liming a soil is to replace some of the H + ions which have been adsorbed 
on the micelles as a result of continuous cropping of the land (see later) 
with Ca ++ ions. 

The principal anions found in soils arc Cl - , SO., -- , HC0 3 - , H0PO4 - , 
N() ;{ ~ anti OH - . Most anions leach out of soils rather readily, although 
phosphate is an important exception to this statement. Even in soils which 
have received heavy applications of phosphates, it is usual to find only 
small quantities of phosphates in the drainage waters. Evidently the 
H 2 P0 4 - ions are tied up by the soil particles in some manner. The mech¬ 
anism by which such an immobilization of phosphate is accomplished is 
not the same in all kinds of soils. 

In neutral and alkaline soils most phosphate fixation apparently re¬ 
sults from precipitation by calcium or magnesium. In acidic soils hydrated 
oxides of iron and aluminum and the mineral kaolinite are largely re¬ 
sponsible for phosphate fixation. IL.PO, - ions substitute for OH - ions 
of such compounds. This may be regarded as a type of anion exchange 
roughly analogous to the cation exchange previously described, although 
the exact mechanism is somewhat different. Arsenate, fluoride, molyb¬ 
date, and hydroxyl anions may also be fixed in soils in a manner similar 
to that by which phosphate ions are fixed. 

Micro-organisms utilize nitrates, sulfates, and phosphates in the syn¬ 
thesis of organic compounds and these anions may thus become fixed in 
the soil in the form of such compounds. This is an entirely different kind 
of phenomenon, however, than the retention of anions in the soil by purely 
physicochemical mechanisms. 

The Penetration of Electrolytes into Plant Cells. —It is not known with 
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certainty whether electrolytes penetrate into cells as molecules or as ions. 
Osterhout (1936) favors the former view. Although electrolytes are largely 
or entirely dissociated when dissolved in water, considerable evidence in¬ 
dicates that the plasma layers of the cytoplasm arc of a lipoidal consti¬ 
tution and electrolytes can dissociate only very slightly when dissolved 
in such solvents. Other workers, however, believe that electrolytes pass 
into cells in the form of ions. 

Because of electrostatic attraction between oppositely charged ions 
passage of a cation into a plant cell must be accompanied by passage of 
an anion or anions of equal electrostatic charge, and vice versa, unless 
the unbalanced electrical forces which would develop as the result of such 
a situation are compensated for in some other manner. For example, the 
K+ ions of K 2 SO 4 might move into cells of roots immersed in a solution 
unaccompanied by S0 4 — ions, provided each were attended in its passage 
by an OH“ ion. Each SO*— ion would then pair with two H+ ions 
resulting from the dissociation of the water. Similarly, NO3 ions from 
Ca(N0 3 ) 2 might enter the cell, accompanied by H+ ions originating from 
water, the anions of the water pairing with the Ca+ + ion. Such a mech¬ 
anism permits the more rapid absorption of the one ion than of its original 
partner, and commonly brings about a change in the hydrogen ion con¬ 
centration of the solution in which the roots are immersed. In the first 
example cited, the solution would become more acid because of the forma¬ 
tion of H 2 S0 4 , and in the second example the solution would increase in 
alkalinity as a result of the formation of Ca(OH) 2 . Such changes in the 
pH of culture solutions as a result of the differential adsorption of ions 

are very common. . 

The H+ and HC0 3 _ ions of carbonic acid, which is almost invariably 

present in solutions, may act in a manner analogous to the II 4 and OH- 
ions of water in facilitating the entry of anions and cations into plant 


cells. 

Mechanisms of Mineral Salt Absorption.—For many years it was com¬ 
monly stated or implied that the entrance of mineral salts into the periph¬ 
eral cells of roots or of submerged aquatics occurred by diffusion. Although 
it is undoubtedly true that limited quantities of mineral salts do pass 
into some kinds of cells, under some conditions, by diffusion, m geneial 
this is a relatively unimportant mechanism of electrolyte absorption com¬ 
pared with certain others. Two other and much more important mechan¬ 
isms of mineral salt absorption have been recognized to be operative in 
plant cells: the salt accumulation mechanism, and the ionic exchange 


mechanism. 

As shown in the later 
ions in the soil solution, 


discussion, roots not only absorb freely diffusible 
but can also liberate cations (and perhaps anions) 
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adsorbed on colloidal soil particles. The rate of root growth through the 
soil is in itself not only an important factor in the absorption of water 
(Chap. XIV) but also in the absorption of mineral salts. The growth of 
roots through the soil constantly brings them into contact with additional 
micelles and with additional increments of soil solution, from both of 
which ions can be absorbed. 

Accumulation of Salts by Plant Cells. —This process is so named because 
it results in the building up of concentrations of salts in plant cells which 
are greater, often many times greater, than the concentration of the same 
salts in the surrounding medium. It is probably the most important single 
mechanism of salt absorption. This process is also called “primary salt 
absorption.” 

General Aspects of Salt Accumulation .—The fact that ions may attain 
a higher concentration within living cells than in the circumambient solu¬ 
tion was first clearly demonstrated in the large cells of certain species of 
algae. Sap from the cells of the fresh water alga Nitella, for example, can 
be obtained in sufficient quantities to permit its accurate analysis (Table 
37). In this analysis, and in other similar ones, it has been found that 
anions and cations accumulate within the cells in concentrations which 
greatly exceed those in the bathing medium. Furthermore the electrical 
conductivity of the sap has been found to be approximately equal to that 
of a solution of electrolytes of the same concentration, indicating that 
the accumulated salts are present within the cell sap in the dissolved state. 
Both cations and anions are accumulated in cells by the operation of this 
mechanism, and often in approximately equivalent quantities. An increase 


TABLE 37 -ANALYSIS OF THE VACUOLAR SAP OF Nitella claVOta AND OF THE POND WATER 

IN WHICH IT WAS CROWING (DATA OF HOAOLAND AND DAVIS, I929) 


Ion 

Sap concentration 
(Millicquivalents 1 per L.) 

Pond water concentration 
(Milliequivalents per L.) 

Ca + + 

13.0 

1 -3 

Mg + + 

10.8 

3 ° 

Na + 

49.9 1 

1 .a 

K + 

49 3 

0.51 

Sum cations 

123.0 


ci- 

IOI . I 

1.0 

SO4-- 

13.0 

0.67 

H,PO«- 

i-7 

0.008 

Sum anions 

115.8 



* A milliequivalent of in ion ii one-thousandth its gram ionic weight divided by its valence. 
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in the concentration of free ions in the cell sap to a value many times 
greater than their concentration in the external solution can only be at¬ 
tained as a result of the diffusion of those ions against a concentration 
gradient, i.e., from a region of lesser concentration to region of greater 
concentration for each ion that accumulates. 

The cells near the tips of roots also have the capacity of accumulating 
ions (Hoagland and Broyer 1936). If the initial salt content of the root 
cells is low and if other conditions are favorable (see later), the concen¬ 
tration of ions in the absorbing cells may soon greatly exceed that of the 
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Fio. 110. Relation between oxygen concentration of aeration stream upta c 
ions, and consumption of sugar in excised barley roo s. a a 

Broyer (1936). 

same ions in the soil solution. Rapid accumulation of ions doesi not o ** ^ 

however, if the cells already contain a relatively ig i cone there 
the same ions. The rate of salt accumulation is often influenced, 
fore, by the previous metabolic history of the a isor nng ces. ce j ls 
The phenomenon of salt accumulation seems con ( 1935). 

which have the capacity for cell division am K r ‘ m 1 . ’ 

Meristematic cells and cells in the early stages o cn growth 

ticularly active in absorbing ions. As cells lose un c ® l> TJ naren- 
they also lose their capacity for mineral salt accumuJa on. The 
chyma cells of an apple fruit, for example, are fully mature wd art not 

able to accumulate ion.-, from dilute BoIut, ""®| ‘^renewed growth and 
tubers and some other storage organs are cap 
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salt accumulation occurs in such cells under favorable conditions. It is 
probable that all or most plant cells are able to accumulate mineral salts 
when in a meristematic condition, but that this capacity decreases as the 
cells become mature. 

Necessity of Aerobic Respiration for Salt Accumulation .—When excised 
roots of barley are immersed in dilute solutions of certain salts, accumula¬ 
tion of salts within the root cells occurs readily if air is bubbled through 
the system, but little or no accumulation occurs if nitrogen is bubbled 
through the solution (Hoagland and Broyer, 1936). In the absence of 



Fig. 117. Distribution of accumulated rubidium in excised roots of barley in 
relation to distance from root apex. Data of Steward et al. (1942). 

oxygen aerobic respiration is checked and the accumulation of electro¬ 
lytes in the root cells virtually ceases (Fig. 116). A similar relation 
between aerobic respiration and accumulation of salts has also been dem¬ 
onstrated in other plant tissues. It is pertinent to recall in this connection 
that absorption ol water by most kinds of plants also requires adequate 
aeration of the roots. 

In addition to adequate aeration, other conditions conducive to respi¬ 
ration must prevail if accumulation of salts is to occur at physiologically 
significant rates. In particular there must be present in the cells a supply 
of respiratory substrate [cf. Fig. 116) and the prevailing temperature 
must be within a favorable range (see later). 
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The rate of salt accumulation in roots is highest close to the apex and 
decreases with distance from the root tip (Fig. 117). This is true of both 
attached and excised roots. Dividing and enlarging cells such as are 
found in the younger parts of all growing regions have an especially high 
capacity for the accumulation of ions. The gradient in the accumulative 
capacity of the root cells is correlated with a progressive diminution in 
their respiratory activity with increasing distance from the apex (Maehlis, 
1944). As previously discussed in Chap. IX there is not commonly any 
close correlation between the rate of absorption of water by roots and the 
rate of absorption of mineral salts. Most accumulation of salts occurs in 
the young cells close to the apex of the root, while the bulk of the absorp¬ 
tion of water appears to occur in the root-hair zone. 

Roots capable of rapid salt accumulation do not absorb salts at an ap¬ 
preciable rate from a culture solution even when the concentration of ions 
in the solution greatlv exceeds that of the root cells unless aerobic respi¬ 
ration is taking place (Iloagland and Broycr. 1942). In the absence of 
aerobic respiration the membranes of cells otherwise capable of salt accu¬ 
mulation behave as if thev were relatively impermeable to salts. 

The accumulation of ions in root cells to concentrations exceeding those 
of the same ions in the external solution requires a continuous expendi¬ 
ture of energy. Likewise the retention of free ions within cells in greater 
concentration than in the external medium al>o requires a continuous 
expenditure of energy. The necessary energy undoubtedly comes from the 
process of respiration, but the exact manner in which it is utilized in the 

accumulation mechanism is not known. 

Effects of the Environment of the Aerial Organs on Salt Accumulation. 

-Aerobic respiration in the root cells is ' pendent upon carbohydrates 
and other organic compounds which arc ru.islncatit to >< too s ro 
the leaves and other aerial organs. Any conditions which markedly red 
the rate of photosynthesis in the leaves or the rate of downward trans¬ 
location of foods may therefore also bring about a diminution m the rate 
Of salt accumulation. The salt absorbing capacity of roots of r ' J 
Plants, for example, has been observed to vary appreciably at different 
seasons of the year (Broycr and Iloagland, 19431. During winter mo 
when light intensities are low and the days are relatively short, barley 
plants absorbed much less salt from culture solutions in ‘'w Bre™' »me 
than during the summer months. The reduction in the sa't-id.sorb.ng 
capacity of roots grown during the winter is attri >u e< o ie . 

the quantity of photosynthetic products (carbohydra cs, g 
stances, and other organic materials) reaching t ic 1 0" sys tin. 

The rate of transpiration may also exert an indirect ° S “‘ 

accumulation. Upward movement of mineral salts appears to occur chiefly 
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in the xylem ducts in which they are carried along in the transpiration 
stream (Chap. XXVII). Crafts and Broyer (1938) suggest that, since the 
cortical cells of the roots are progressively less well aerated toward the 
center, there is in such cells a corresponding gradient of decreasing capac¬ 
ity to accumulate or hold solutes. As a result a concentration gradient 
may be established from peripheral cells to the xylem elements along 
which solutes move by diffusion, perhaps supplemented by protoplasmic 

streaming. Solute movement from cell to 
cell is probably at least in part through 
plasmodesms. Rapid transpiration, in 
general, results in accelerating the rate 
of movement of salts from the xylem 
elements of the roots to the leaves. Indi¬ 
rectly transpiration rates may also in¬ 
fluence the rate of movement of salts 
across the root, since a high rate of tran¬ 
spiration presumably would favor the 
establishment of a steeper gradient of 
mineral salt concentrations across the 
root. 

Permeability and Salt Accumulation. 
—Most investigations of the permeabil¬ 
ity of the cytoplasmic membranes indi¬ 
cate that electrolytes enter plant cells 
relatively slowly. Nevertheless, when 
conditions favorable to salt accumulation 
prevail, the salt content of root cells may 
increase several hundred per cent within a few hours. The apparent dis¬ 
crepancy between the rapid accumulation of salts under some conditions 
and the low measured permeabilities of cytoplasmic membranes to elec¬ 
trolytes are probably to be explained on the grounds that most measure¬ 
ments of permeability have been made with cells in which metabolic con¬ 
ditions favorable to the rapid penetration of electrolytes did not prevail. 
The relative amounts of different cations which accumulate in plant cells 
appear to bear no relation to the permeability of cytoplasmic membranes 
to them as measured by usual methods. Ca ++ and Mg ++ ions, for ex¬ 
ample, commonly accumulate in cells to greater concentrations than Na + 
ions, yet most studies indicate that protoplasmic membranes are more 
permeable to Na + ions. The relative quantities of the various cations 
found in plant cells cannot be correlated with their lipoid solubility, 
kinetic activity, or physical dimensions ((Hollander, 1941). 

The Influence of Temperature upon Salt Accumulation .—The fact that 



Fig. 118. Relation between tem¬ 
perature and accumulation of 
ions by excised barley roots. 
“Accumulation ratio" is the con¬ 
centration in the sap divided by 
the final concentration in the ex¬ 
ternal solution. Data of Hoag- 
land and Broyer (1936). 
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salt accumulation by root cells is dependent upon respiration suggests 
that temperature may have a marked effect on the process, a supposition 
which has been confirmed experimentally (Fig. 118). As indicated in this 
figure the Q 10 of the process of ion accumulation is in the range of two 
to three. 

Salt Accumulation and Organic Acid Metabolism. —The number of 
cations and anions in the cell sap must be maintained in such a balance 
that the solution remains electrostatically neutral. It is common, how¬ 
ever, to find that the cell sap contains a large excess of inorganic cations 
(Pierce and Appleman, 1943). The excess of inorganic cations is electri¬ 
cally balanced by organic ani6ns synthesized in the cells. The high ratio 
of inorganic cations to inorganic anions in the cell sap may arise in at 
least two ways: (1) the cation may be accompanied into the cell by an 
OH“ ion or an HC0 3 _ ion instead of its original inorganic partner in the 
external medium, or (2) certain inorganic anions may enter more rapidly 
into organic combinations and be removed from the cell sap by the 
metabolic activities of the protoplasm. Nitrate anions, for example, are 
often quickly reduced in the cells of the roots and synthesized into or¬ 
ganic nitrogenous compounds (Chap. XXVI) leaving behind in the cell 
sap the inorganic cations with which they were paired upon entering the 
cell. There is, therefore, a close correlation between the excess absorption 
of inorganic cations and the increased organic acid content of plant 
tissues. Whenever surplus inorganic cations accumulate in the cells oi- 
ganic acid anions also accumulate and whenever the content of anions 
exceeds that of cations the organic acid content of the cells is correspond¬ 
ingly decreased (Ulrich, 1942). 

The Influence of Ions of One Species upon the Absorption of Ions of 
Other Species.— The rate at which specific ions are absorbed by living cells 
appears to be influenced by the particular species of ions that are present 
in the culture solution. There is good evidence, for example, that the rate 
at which KBr is absorbed from a culture solution by excised barley roots 
may be increased by the presence, within certain limits of concentration, 
of Ca+ + , Mg+ + and other polyvalent cations in the solution (\ lets. 
1944). The favorable effect of the polyvalent cations upon the inward 
movement of K + and Br“ ions occurs only when the absorbing cells are 
actively carrying on aerobic respiration and is therefore, in part at least, 
related to the effect of the polyvalent cations upon the respiratory mech¬ 
anism of the cells. It is probable, however, that the polyvalent cations 
influence the absorption of monovalent ions in ways other than their effect 
upon the oxidative mechanism of the cell. Previous accumulation of Ca+ + 
ions by absorbing cells does not increase the intake of K+ or Br ions. 
To be effective the Ca ++ or other polyvalent cations must be present in 
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the culture solution at the time the monovalent ions are being absorbed, 
a circumstance which indicates that the more important effect may be 
some change in the structure of the protoplasmic membranes affecting 
their permeability, brought about, however, only in connection with 
aerobic respiration. 

Ionic Exchange Mechanisms. —Fundamentally these mechanisms consist 
in the exchange of anions or cations from within cells for ions of the 
same sign and equivalent charge in the environment of the absorbing cell. 

If excised barley roots in which radioactive K + ions have been allowed 
to accumulate from a solution are transferred to distilled water, almost 
none of the radioactive ions are lost from the roots into the water (Jenny 
and Overstreet, 1938). The cytoplasmic membranes of the root cells be¬ 
have as if completely impermeable to the ions which entered the cells 
readily before their transfer to distilled water. When similar excised roots 
are transferred to a dilute solution of nonradioactive KBr, some of the 
radioactive K + ions move out of the root cells into the solution at the 
same time that nonradioactive K + ions are moving into the cells from 
the solution. Under these conditions the cytoplasmic membranes are perme¬ 
able to K + ions moving in both directions. Since analysis of the solution 
around the roots does not show any gain in total potassium, it is evident 
that radioactive K + ions have, in effect, exchanged places with nonradio¬ 
active K + ions in the solution. 

This exchange process between two isotopes of potassium is not ma¬ 
terially influenced by temperature or by the rate of aerobic respiration. 
Furthermore, very little loss of radioactive K + occurs from roots into 
solutions of a calcium salt (Brover and Overstreet, 1940). 

The process of cation exchange, in which cations adsorbed on clay mi¬ 
celles exchange with cations in the soil solution, has already been de¬ 
scribed. Similar exchange mechanisms operate between the root and the 
soil. Root tips are, under favorable conditions, not only rapidly growing 
organs, but centers of high metabolic activity. Carbon dioxide is con- 
» g released in respiration, most of which reacts with water, 
forming carbonic acid, a large part of which escapes into the soil. Around 
eaeh root tip, therefore, there will usually be a localized zone of relatively 
high carbonic acid content, and hydrogen ions from this acid become ad¬ 
sorbed on the root surfaces. Such hydrogen ions presumably may exchange 
places with other cations in the soil solution, some of the latter having 
previously been released from clay micelles by cation exchange. A pos¬ 
sible alternative explanation is that organic acids, released by roots, 
function in exchange mechanisms in an analogous manner to that pos¬ 
tulated for carbonic acid. 

A similar exchange of cations can also take place directly between roots 
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and clay micelles, without the operation of the soil solution as an inter¬ 
mediate in the transaction. This process is called contact exchange (.Jenny 
and Overstreet, 1939). The cations adsorbed on the root and clay surface: 
are not held rigidlv in position, but oscillate within a range controlled »y 
the attractive forces between them and the adsorbing surface. Hie orbit, 
of the ions adsorbed on the surfaces of a root which is in intimate contae 
with a clay micelle may overlap with the orbits of the ions adsorbed on 
the micelle. When this occurs the adsorbed ions may exchange places. . 
H + ion adsorbed on the root surface may, for example, move into the 
orbit occupied by a K+ ion adsorbed on a clay particle, the K ion re¬ 
placing the H 4 ion on the root surlacc. « 

Any cation adsorbed on a root surface, whether acquired !>> exchang 
from the soil solution or directly from a soil colloid may mow across the 

cell wall, probably bv further exchanges with other H 10 ■ 

contact with the protoplasm further movement of the ton into the cell 

may occur by the accumulation mechanism. ..... . f t 

Various experimental results indicate it to be very likely hat he firs 

step in the absorption of cations by the peripheral cells of ^ ^ 

ionic exchange process. This is possibly also tiue o anion. . j 

that both the ionic exchange mechanism and the accumuln ™ imchan 

ism are involved in most absorption of mincia >« b >. conditions 

Absorption of Mineral Salts by Aerial Organs.-l nder 

absorption of mineral salts through the noii.i “fertilized,” how- 

occurs in appreciable quantities. Plants aie soim mi . j ■ | 

ever by spraying the aerial organs with dilute solutions, a practice 

involves the absorption of the solutes directly through *“^supplying 

This practice has been followed most MU>t ^ “ p ]ants . Iron deficiency 
certain micrometabohc elements (Chap. - ' s praving the plants 

in pineapple plants, for example, may ’ ** “* <imilar fashion copper, man- 
with a dilute solution of *rrous; to ci * tnl8 and other crops hy sp-yin. 
ganese, and zinc are often m ppb which is to be 

the foliage with a dilute solution of a salt ot 

supplied. . , , . „ r( , regularly infected 

Mycorrhizas.— The roots of many speens ^ ^ w * lt h j ts associated 

with the mycelium of fungi. Such a » “fungous-root”). In the 

fungal hypliac, is called a mycorrma btc,dl> ^ ^ ^ 

ectotrophic mycorrhizas the myc< nnn • * hvphae also penetrate 

vesting it with a web-like mantle o i ;;y^;. x S y;;; i :^ m/o/r( , / ,/uc mycor- 
into the root, infecting principally , I)r i m .jnallv within tlu* 

rhizas the hyphac are intracellular. infee,ed with 

cells of the epidermis and the «oi tx hninr h extensively. Mycor- 

mycorrhizal fungi stop elongating and often 
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rhizas are therefore usually short and stubby as compared with uninfected 
roots on the same plant. Many authorities believe that mycorrhizas are 
present on the roots of the majority of vascular species. 

Ectotrophic mycorrhizas are found on many forest tree species such as 
beeches, oaks, hickories, and many conifers. They are particularly abun¬ 
dant on trees growing in soils rich in humus. The fungal associates in 
forest tree mycorrhizas are mostly members of the group of Basidio- 
mycetes, many of them apparently being common woodland species of 
mushrooms. 

Endotrophic mycorrhizas are found on many species of orchid, heath, 
and gentian families, and also on some trees, such as the red maple and 
walnut. The fungous associates in such mycorrhizas are apparently mostly 
microscopic molds. 

Diverse opinions have been advanced regarding the significance of these 
root-fungus associations. Apparently, the relationships between fungus 
and host may range all the way from true parasitism to genuine symbiosis. 
There can be no doubt that many conifers often grow better when mycor¬ 
rhizas are present and some species even appear to be dependent upon 
mycorrhizas. Although many suggestions have been advanced to explain 
the beneficial effects of mycorrhizas on the vascular plant associate (in¬ 
crease in water, mineral salt, carbohydrate, and nitrogen supply, synthesis 
of growth regulators and enzymes; “stimulation” of metabolic processes 
of roots, especially respiration, etc.), there is very little experimental sup¬ 
port for most of these views. 

Substantial evidence is accumulating, however, that mycorrhizas may 
play a significant role in the absorption of mineral salts. The rate of res¬ 
piration of mycorrhizas of short-leaf pine (Pinus cchinnta) has been 
shown to be considerably greater than that of uninfected roots suggesting 
that the former may have greater capacity for the absorption of mineral 
salts (Routien and Dawson, 1943). Similarly the influence of mycorrhizas 
upon seedlings of white pine ( Pinus strobus) and Douglas fir ( Pseudotsuga 
douglasi I has been interpreted as resulting from effects upon respiration 
and phosphorus metabolism (McComb and Griffith, 1946). Experiments 
with radioactive phosphorus have shown that the mycorrhizal portions 
of the roots of two species of pine accumulate much larger quantities of 
phosphate than nonmycorrhizal portions (Kramer and Wilbur, 1949). It 
has further been shown by Melin and Nilsson (1950) that mycorrhizal 
fungi can absorb phosphate ions and transfer them to the roots of Pinus 
silvestris. 
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DISCUSSION QUESTIONS 

1. Suggest as many explanations as you can for the fact that different kinds 
of plants, growing in the same soil and under the same climatic conditions, absorb 
various ions in different proportions. 

2. (’an the mineral element requirements of a plant be judged from a chemical 
analysis of the plant? 

3. When plants are grown in a solution'containing calcium nitrate the H-ion 
concentration of the solution usually shows a gradual decrease. If ammonium 
sulfate is used as a source of nitrogen, however, the solution usually increases in 
H-ion concentration. Explain. 

4. How would you undertake to obtain the maximum possible rate of absorp¬ 
tion of potassium ions by the root system of a young herbaceous plant from a 
solution culture? From a soil? 

5. How would you attempt to show experimentally whether or not absorption 
of water and mineral salts by plants are largely independent processes? 

6. A group of healthy barley plants, with their roots in tap water, are exposed 
to sunlight for 12 hr. under conditions which insure rapid transpiration. The 
tap water is then replaced with a well-aerated solution culture and the plants 
placed in the dark. By means of two curves, plot probable rates of water and 
.‘■.tit absorption during the next 12 hr. in the dark, and during a subsequent 12 
hr. in bright sunlight. 
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A clear distinction should be drawn between the 
and the subsequent utilization of it or its componen ions. mineral 

zation is employed in a loose sense to refer to the >ncorporatonomner a l 
elements into the relatively permanent constituents of the ce11 -alls and 
protoplasm, or to their participation in fundamental metabo he react.x> ■ 
Absorption of the ions or molecules of salts does not neccssa y 
they will be utilized. Many of the ions absorbed by a pan 

more or less indefinite periods in the ionic s a e in the structure 

later many of these ions are usually incorporated e* her into the struc ure 

of more complex but unassimilated molecules syn hes.z^ by the plant 

such as storage proteins, calcium oxalate, glycosides, etc^or^ into t^ 

protoplasm or cell walls. There may, there ore, c a 

th. of - «■ ““ JXm- 

absorbed ions may remain indefinite y orean of a plant, 

more, some mineral elements may be ui con8tituen ts, translocated 
subsequently released by disintegra ion Redi8t ribution of 

to other organs of the plant, an havc no t actually been 

minerals which have accumulated in XXVII). 

utilized is also of common occurrence in _Strictly speaking min- 

General Roles of the Mineral Elements in P proce6 L of 

cral elements as such do not forra or as constituents of organic 

plants. It is only when present in nlants For the convenience 

molecules that they assume importan common use to refer 

of brevity, however, the term miner 1 {<)rm ()r combina tion in which 

to those substances regardless of the 
they exert their effects in plants. 
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Considered as one group or class of substances found in plants, mineral 
elements function in a number of different ways: 

1. Constituents of Protoplasm and Cell Walls. —A number of the min¬ 
eral elements become permanent constituents of molecules which are in¬ 
tegral parts of the protoplasm and cell walls. As examples we may cite 
the sulfur in proteins, the phosphorus in nucleoproteins and lecithins, the 
magnesium in chlorophyll, and the calcium in calcium pectate. A con¬ 
siderable proportion of the mineral elements in plants, however, acts in 
some way other than as material from which essential parts of plant cells 
are constructed, or else are of no apparent consequence in the metabolism 
of the plant whatsoever. 

2. Influence on the Osmotic Pressure of Plant Cells.— In Chap. VIII it 
was shown that a portion of the osmotic pressure of the cell sap of any 
plant cell results from the dissolved mineral salts which it contains. While 
in most plant cells the absolute concentration of mineral salts in the plant 
sap is so low that only a small proportion of the osmotic pressure can be 
ascribed to their presence, there are some important exceptions to this 
statement as discussed previously. 

3. Influence on Acidity and Buffer Action. —The mineral salts absorbed 
from the soil often have an influence on the pH of the cell sap and other 
parts of plant cells, although usually not a very great one, as organic acids 
and other compounds resulting from the metabolic activities of plants 
ordinarily exert the predominant influence in determining pH values within 
cells. As shown in Chap. IV, two of the important buffer systems found 
in plants—the phosphate and the carbonate systems—have their origin 
in substances absorbed by the plant from its environment. The phosphate 
system, however, is the only one found in plants which may be classed 
ns a mineral element buffer system. The cation components of plant 
buffer systems, other than H + , are mostly such mineral elements as 
potassium, calcium, sodium, and magnesium. 


4. Influence on the Permeability of Cytoplasmic Membranes. — The 
permeability of the cytoplasmic membranes is influenced by the cations 
and anions in the medium with which they are in contact. Calcium and 
other di- and trivalcnt cations usually have a decreasing effect on the 
permeability ot the cytoplasmic membranes of many cells, at least ini¬ 
tially, while monovalent cations commonly have an increasing effect. Not 
only is the permeability of the cytoplasmic membranes in the static sense 
influenced by ions, but operation of the physiological mechanism by which 


i«ms accumulate in plant cells is also influenced by the specific ions in 


contact with the cell, as described in the preceding chapter. 


5. lone Effects of Mineral Elements. —Many mineral elements in their 
ionic form have a marked toxic effect upon protoplasm, often resulting in 
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its disorganization and death, even when present in \ery low c ° ncei ^j r 
tions. Among the elements which are known to be highly toxic to pi at 
at least under certain conditions, are aluminum, aisenic, oron, c ’ 

lead, magnesium, manganese, mercury, molybdenum, nickel selenium 
silver, and zinc, included in tins list are certain of the elements e ent.^ 
in plant metabolism which exert toxic effecU when present ».thm the 

tissues in concentrations exceeding physiologies ,tq ^' re r . the 
effects of some of these elements are discussed more fully later m 

Ch 6 P Antagonistic Effects -The effect of one ion or salt in offsetting or 

even reversing the usual effect of another ion or sa i ‘ 

Some degree of antagonism exists between almost ay panof suite 

Sodium chloride, for example, results in ^ tXin conlmn^ 

the cytoplasmic membranes to various s *i lls jnercas- 

If calcium chloride is introduced into the ; " “ 

ing effect is diminished, or may even be «£££*• 

Similar antagonistic effects aie ewd ^ nlo [ s of lupincs „ 0 uld 

ample in one experiment it was found of al)out 0 .000015 M 

elongate only about 3.5 mm. pel day concentration in the 

CuCl 2 , but if sufficient CaCl,. were added to ... ]Q & mm <Jay . 

solution about 0.0078 M the rort. dongnted a + + ^ ^ sufficient to 

The antagonism between the C u a 

duce greatly the toxicity of the Cu+ +. clements in plants rc- 

7. Catalytic Effects -Certain in catalytic systems, 

suit from their participation m one way o ano of certain en- 

Iron, copper, and zinc are.known to e , cment , Iron 

zymes and this may also be true of mineral elements such as 

is also a constituent of ttie cytochronwsMJther m^ ^ one 

magnesium, manganese, and cobalt <. 

or more enzymatic systems e nunlbcr of elements 

Essential and Nonessential Elemen . . on i y a limited num- 

that have been identified as. occurring in' p .V ^bout I860 a number 

ber have been found to be mdispen . to determine specifically 

of extensive investigations were undertake ^ ^ not Some of 

which elements are essential for gic«i P ^ Gcrman botanists, Sachs 
the earliest workers on this probit tl mc thod of solution 

and Knop. Their investigations, “f^^cd by a number of other 
cultures (see later) and subsequenty c]cmvntB carbon, hydrogen, and 
workers, indicated that in addition t atmospheric gases, the 

oxygen, obtained by plants from watecalcium, mag- 
only essential elements were nitrogc , P fro m the soil, 

nesium, potassium, and iron, all of which enter P 
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From the work of these investigators and others developed the almost 
classical precept that ten elements, and ten only, were essential for the 
existence of green plants. This viewpoint was first seriously challenged 
by Maze (1915), who considered that at least several other elements are 
essential for the continued development of green plants. The older con¬ 
cept of the “ten essential elements” was so strongly entrenched, however, 
that Maze’s contentions evoked very little immediate interest, but more 
recently extensive studies have been undertaken on the problem of the 
possible roles of other elements in plant metabolism. 

It is now realized that there were certain unrecognized sources of error 
in the experiments upon which the conclusions of earlier investigators were 
based. Almost all of their investigations were pursued by the method of 
solution cultures, in which “pure” chemicals in certain proportions were 
dissolved in distilled water, and these solutions were used as the medium 
in which the plants were rooted. Many of the “pure” chemicals used, how¬ 
ever, contained at least traces of other compounds which might be suf¬ 
ficient in amount to supply plants with an adequate quota of certain 
necessary elements, especially if they were required only in minute quan¬ 
tities. Similarly, the elements stored in the seed were not usually con¬ 
sidered in such experiments. The amounts of some elements available to 
a plant from this source might suffice for its entire life history if they were 
required in only small quantities. Furthermore, it is now more generally 
realized that small amounts of certain elements often dissolve in solution 
cultures from the walls of the containers and thus become available for 
utilization by plants. Traces of silicon and zinc, for example, may dis¬ 
solve out of the walls of ordinary glass vessels into solutions contained 
within them. Even distilled water, of the grade generally used in such 
experiments, may contain amounts of certain elements, required only in 
traces, sufficient to supply the needs of the plants. For these reasons, there¬ 
fore, it is clear that in practically all of the earlier experiments designed 
to determine which elements are essential for plants, small quantities of 
various elements other than those deliberately supplied were usually pres¬ 
ent in the solution cultures. The failure of earlier investigators to rec¬ 
ognize the possibility of the presence of such contaminating substances 
makes it impossible to accept the results of their investigations as the final 
word on the mineral salt requirements of plants. 

Recognition of these sources of contamination in solution culture tech¬ 
niques has led, more recently, to refinements in such methods, which elim¬ 
inate or at least enormously reduce the possibility of introducing unknown 
solutes into solutions used in plant culture work. By repeated crystalliza¬ 
tions or other procedures it is possible to obtain chemicals of a much 
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higher degree of purity than those used by the earlier workers. The water 
used may be distilled from special stills and redistilled a number of times 
to remove even traces of most solutes. Containers can be used which are 
inert when in contact with the culture solutions employed. By removal 
of the cotyledons at a very early stage in germination, or by other pro¬ 
cedures, the supply of elements obtained by the plant from the seed can 
be largely eliminated. 

Various more or less critical observations have led to claims that many 
other elements arc essential for normal plant development in addition 
to the ten which have long been accepted as essential to plants. Among 
these are arsenic, aluminum, barium, boron, bromine, caesium, chromium, 
chlorine, cobalt, copper, iodine, lithium, manganese, molybdenum, nickel, 
selenium, silicon, strontium, tin, titanium, vanadium, and zinc. Most of 
these elements are considered to be necessary* for plants only in traces. 
With few exceptions each is toxic to plants when present in any appreci¬ 


able concentration. 

In the face of this rather overwhelming array of possibly essential ele¬ 
ments it appears desirable to adopt criteria by which the indispensability 
of an element can be judged. While it is undoubtedly true that any one 
of these elements, at least when supplied to certain species ol plants, 
under certain cultural conditions, will result in beneficial effects upon 
growth, this is far from indubitable evidence of its indispensability. Nec¬ 
essity of an element in plant metabolism is demonstrated only if lack of 
it can be shown to result in injury, aberrant development, or death of 
plants when grown in sand or solution cultures by a technique including 
the refinements of method described above. Complete proof of the neces¬ 


sity of an element also requires demonstration that no other element of 
similar properties can be substituted for it. Furthermore, before it can be 
considered to be proved that a given element is essential for green plants 
generally, its indispensability must have been demonstrated for a wide 
variety of species, representing a number of different families of plants. 

It is now quite generally agreed that five other elements boron, man¬ 
ganese, copper, zinc, and molybdenum—must be added to the group rec¬ 
ognized to be essential in the metabolism of green plants. A total of fifteen 
elements are therefore now considered to be essential. All of the five ele¬ 
ments just listed are required in only minute quantities, hence they may 
be termed micrometabolic elements in contrast with those necessary in 


relatively large amounts, which may be termed macrometabolic elements. 
All of the ten elements long recognized as being essential for plants, ex¬ 
cept iron, belong in the latter group. It is possible that future investiga¬ 
tions may result in the addition of other elements to the list of those 
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considered indispensable in the metabolism of green plants generally, but 
it seems certain that any such additions will fall into the category of 
micrometabolic elements. 

The question is often asked whether or not the same elements are essen¬ 
tial for all kinds of plants. On theoretical grounds it might be argued 
that, for a group of metabolically similar organisms such as the vascular 
green plants, it is unlikely that there would be differences from one species 
to another in the kinds of elements required. In spite of the plausibility 
of this viewpoint, considerable experimental evidence exists, some of 
which is mentioned later in the chapter, that certain vascular plant-s may 
require elements in addition to the fifteen listed above. There is also evi¬ 
dence that the list of essential elements for at least some species of algae 
and fungi is not exactly the same as that for the higher green plants. 

Specific Roles of the Essential Elements in Plants. —The roles of carbon, 
hydrogen, and oxygen in the synthesis of carbohydrates, fats, and related 
compounds have already been discussed in preceding chapters. There are 
only a few physiologically significant compounds in either plants or ani¬ 
mals which do not contain all three of these elements. The roles of these 
three elements and of nitrogen in the synthesis of proteins and other im¬ 
portant nitrogen-containing compounds are considered in the following 
chapter. The remaining essential elements are usually lumped together 
under the classification of ‘ mineral elements.” 

The pails played by the mineral elements in plant metabolism are in¬ 
completely understood and it is probable that each of them is involved 
in metabolic processes occurring in plant cells in ways which are not at 
present recognized. When an element is a constituent of some important 
plant, compound—such as the sulfur in proteins or the magnesium in 
chlorophyll—that particular role of the element is relatively easy to iden¬ 
tify. When, however, an element plays some less conspicuous role, such 
as that of a constituent of an enzyme system or carrier in some metabol¬ 
ically important reaction, its significance in such a capacity is often more 
difficult to recognize. 

Some of the known specific roles of each of the essential mineral ele¬ 
ments arc discussed below. The effects of certain other elements not defi¬ 
nitely known to be necessary for plants in general, but which sometimes 
have important effects on plants, will also be discussed. 

Sulfur .—As a rule this clement is fairly well distributed throughout the 
tissues and organs of plants. Sulfur is a constituent of the amino acid 
cystine, which is one of the compounds from which plant proteins are 
made (Chap. XXVI), and of thiamine and biotin, which are important 
hormones in plants (Chap. XXVIII). It is also a constituent of the mus- 
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tard oil glycosides (Chap. XX) such as sinignn, which impart character¬ 
istic odors and flavors to such species as mustards, onions, and garlic. 

Sulfur is usually absorbed by roots as the SO 4 ion, but may also 
enter the leaves as S0 2 when that gas is present in the atmosphere 
(Thomas et al., 1944). It should be noted, however, that S0 2 gas becomes 
toxic to plants at very low concentrations (Chap. XXX). Although sulfur 
enters the plant in oxidized form, it is reduced, usually to the sulfhydryl 
(—SH) group in the formation of amino acids or other organic sulfur- 
containing molecules. The sulfur of organic molecules in living cells ap¬ 
parently may be reconverted into inorganic sulfur, usually the sulfate ion, 
in which form it may be redistributed within the plant and re-utilized in 
the formation of organic sulfur compounds in other tissues. Relatively 
large amounts of sulfur may be moved in this way from the leaves to 
ripening seeds and fruits. 

The symptoms of sulfur deficiency in plants are similar in general to 
those characteristic of insufficient nitrogen. Amino acids and other nitro¬ 
gen-containing compounds accumulate in the tissues of sulfur deficient 
plants, probably because protein synthesis is not maintained at a late 
comparable with that in plants receiving adequate sulfur (Eaton, 1942). 

Phosphorus .—Phosphorus is absorbed by plants principally as the 
K 2 PO 4 - ion. Unlike nitrogen and sulfur, however, phosphorus is not re¬ 
duced in plant tissues but is linked into organic combinations in highly 
oxidized form. Phosphorus enters into the composition of phospholipids 
and of nucleic acids (Chap. XXVI). Chemical combinations of the nucleic 
acids with proteins result in the formation of the nucleoproteins which, as 
the name suggests, are important constituents of the nuclei of plant cells. 
The significance of phosphate carriers, phosphorylation, and of the energy 
of phosphate bonds in metabolic processes has already been discussed 
(Chaps. XX, XXII). Participation in such reactions is one of the primary 
metabolic roles of phosphorus in the cells of both plants and animals. 

A very large proportion of the phosphorus in a mature plant is located 
in the seeds and fruits, accumulating there during the period of their de¬ 
velopment. In growing plants, phosphorus is most abundant in meriste- 
matic tissues where it is utilized in the synthesis of nucleoproteins and 
other phosphorus containing compounds, some of which operate in the 

respiration mechanism. 

The roles of phosphorus and nitrogen in plant metabolism appear to be 
interrelated in a number of ways. Inorganic nitrogen compounds are 
rapidly absorbed and accumulate in plant tissues when the available phos¬ 
phates are low. When available phosphates are abundant in the rooting 
medium, on the other hand, the absorption of inorganic nitrogen com- 
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pounds is depressed (Nightingale, 1942). The application of phosphate 
fertilizers, therefore, may alter the nitrogen balance of the plant. Illustra¬ 
tions of this effect are the earlier maturation of plants that often occurs 
when available phosphorus is high and the delay in reaching maturity 
occasioned by phosphorus deficiency. Synthesis of proteins (Chap. XXVI) 
apparently does not occur at usual rates in phosphorus deficient plants 
(Eckerson, 1931; Richards and Templeman, 1936). Correlated with this 
decrease in protein synthesis there is often an accumulation of sugars in 
the vegetative organs of the plant. The purple coloration of leaves asso¬ 
ciated with phosphorus deficiency in certain varieties of com, tomatoes, 
and other species reflects the relatively high concentration of sugars in 
the leaf tissues which often favors anthocyanin synthesis (Chap. XX). 
There is also good evidence that phosphates are more rapidly absorbed 
and accumulated in plants when nitrogen is supplied in organic form 
(urea) than when nitrate is being absorbed (Breon et al., 1944). 

Phosphorus is readily redistributed in plants from one organ to another. 
Such redistributions probably occur largely in the form of phosphates. 
During periods of phosphorus deficiency a large proportion of the phos¬ 
phorus in older leaves may move into other tissues (MacGillivray, 1927) 
and developing fruits of tomatoes may obtain phosphorus from even the 
youngest leaves when phosphorus is unavailable in the rooting medium 
(Anion and Hoagland, 1943). Studies with radioactive phosphorus have 
contributed additional evidence of the high mobility of phosphorus and 
of the rapid rate with which it may move out of leaves and into growing 
tissues when the external supply is deficient (Amon et al., 1940; Biddulph, 
1941). 

Calcium .—A large part of the calcium in most plants is located in the 
leaves, and, in contrast to phosphorus and potassium, more calcium is 
present in the older than in the younger leaves. An analysis of strawberry 
plants, for example, showed more than twice as much calcium in the 
leaves as in the crowns and roots together (Lineberry and Burkhart, 
1943). Much of the calcium in plant tissues may be permanently fixed in 
the cell walls as a calcium salt of the pectic compounds of the middle 
lamella. Leaves of squash were found to have as much as 70 per cent of 
their calcium immobilized in the walls of the cells (Smith, 1944). In many 
plant species calcium is present in the form of insoluble crystals of calcium 
oxalate. Calcium also forms salts with other organic acids and probably 
enters into chemical combination with protein molecules. It is of wide¬ 
spread occurrence in plants in the form of calcium soaps, and calcium 
ions are generally present as one constituent of the vacuolar sap. Calcium 
is necessary for the continued growth of apical meristems. In the absence 
of calcium mitotic divisions become aberrant or suppressed (Sorokin and 
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Sommer, 1940). Formerly it was considered that the formation of calcium 
salts of organic acids prevented accumulation of toxic quantities ot or¬ 
ganic acids within the cells. More recent work, however, suggests that the 
organic acids arc synthesized as a result of the absorption of calcium and 
other cations (Chap. XXIV). Calcium is also known to have a role in the 
nitrogen metabolism of plants. In the absence of calcium, some species, 
at least, are unable to absorb or assimilate nitrates (Nightingale, 1937). 


Organic forms of nitrogen such as urea, however, seem to serve as sources 
of nitrogen when calcium is absent (Skok, 1941). These observations are 
interpreted to mean that calcium is important in the reduction of nitrates 
in plant tissues (Chap. XXVI). 

Calcium is relatively immobile and is not readily redistributed in plant 
tissues when it becomes deficient in the rooting medium. Older leaves of 
a plant may have large calcium reserves at the same time that younger 
leaves on the same plant are deficient in calcium. However, crystals of 
calcium oxalate in old leaves of peanut plants disappear at times of severe 
calcium deficiency and are reformed in very young leaves indicating that 
some degree of redistribution is taking place (Burkhart and Collins, 
1942). Similar observations have been reported for other species, but the 
redistribution of calcium does not appear to be sufficiently rapid or com¬ 
plete to meet the metabolic requirements of the younger tissues. 

Magnesium. —This element is the one and only mineral constituent ol 
the chlorophyll molecule. A large proportion of the magnesium present in 
plants is therefore in the chlorophyll-bearing organs, although seeds are 
also relatively rich in this element. Magnesium generally occurs in soils 
in sufficient abundance to supply the needs of plants, although occasional 
exceptions to this statement are found. Deficiency of magnesium usually 
results in the development of a characteristic chlorosis and in some species 
in the appearance of a purple coloration in the foliage. Redistribution of 
magnesium from older to younger organs of plants occurs readily. 

Magnesium plays a role in the phosphate metabolism of plants and, in¬ 
directly, therefore, in the respiratory mechanism. Magnesium ions appear 
to be specific activators for a number of enzymes, including certain trans- 

nhosphorvlases, dehydrogenases, and carboxylases. 

Excess quantities of magnesium may prove toxic in solution cultures 
an effect which may be offset by the presence of sufficient amounts of 
calcium. Magnesium toxicity in soils is not common but may occasionally 
occur in alkali or serpentine soils. 

Potassium —Unlike all of the other macrometabohc mineral elements 
required by plants potassium is not definitely known to be built into or¬ 
ganic compounds essential for the continued existence of the plant. It 
occurs in plants principally as soluble inorganic salts, although potassium 
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salts of organic acids also are found in plant cells. In spite of these facts 
potassium is an indispensable element and cannot be completely replaced 
even by such chemically similar elements as sodium or lithium. The young 
and actively growing regions of plants, especially buds, young leaves, and 
root tips, are always rich in potassium while as a rule the proportion of 
potassium is relatively low in seeds and mature tissues. The fundamental 
roles of this element in plant metabolism are undoubtedly regulatory or 
catalytic. 

The specific roles of potassium in plants are obscure. However a large 
number of experimental studies involving many species of plants have 
given considerable information about what happens to plants when potas¬ 
sium is deficient. Plants deficient in potassium usually contain a higher 
percentage of soluble organic nitrogen compounds (amino acids and 
amides) than plants supplied with adequate potassium (Wall, 1940). The 
protein content of the potassium deficient plants, on the other hand, is 
relatively low. These facts suggest that potassium is in some way involved 
in the synthesis of proteins from amino acids. Further support for this 
hypothesis is furnished by the very different behavior of potassium defi¬ 
cient plants when grown with ammonium compounds as compared with 
those grown with nitrates as sources of nitrogen. Plants supplied with 
ammonium nitrogen soon develop signs of serious injury, apparently 
resulting from the rapid accumulation of ammonia in the tissues. The re¬ 
duced nitrogen compounds are not synthesized into proteins and so ac¬ 
cumulate in toxic quantities in the leaves and stems (Wall and Tiedjens, 
1940). 

The carbohydrate metabolism is also disturbed by inadequate supplies 
of potassium. There is evidence that photosynthesis is checked and that 
respiration is increased by severe potassium deficiency. The effects of low 
potassium are usually first apparent in the disturbed nitrogen metabolism 
which, because of the failure of protein synthesis, may lead to an initial 
increase of carbohydrates in the tissue. As potassium deficiency continues, 
carbohydrates rapidly decrease in quantity probably as a result of de¬ 
creased photosynthesis and increased respiration. 

Potassium is highly mobile in plants. Internal redistributions of this 
element occur readily and more or less continuously during the life history 
of the plant. Older leaves and other organs frequently lose potassium 
which is translocated to growing regions. Those tissues of the plant that 
are undergoing the most active growth appear to have the greatest ca¬ 
pacity for accumulating potassium in contrast with cells that are physio¬ 
logically less active (Arnon and Hoagland, 1943). 

The potassium ion is usually the most abundant monovalent cation in 
plant cells. Although it cannot be replaced entirely by any other element, 
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symptoms of potassium deficiency may appear much sooner and are more 
severe in barley in the absence of sodium ions than when these are present 
in the culture solution (Mullison and Mullison, 1942). It is probable, 
therefore, that during the early stages of growth, potassium may be par¬ 
tially replaced by sodium, at least in some species of plants. 

l ron ._A deficiency of available iron in soils is seldom a limiting factor 

in plant development, although occasional exceptions to this statement are 
encountered. Deficiency of iron in soils is usually a consequence of its 
insolubility rather than its actual absence. In general, a larger proportion 
of the iron is in a soluble state in relatively acid soils than in approxi¬ 
mately neutral or alkaline soils. One of the most common causes of iron 
deficiency is an excess of lime in the soil. Even in alkaline soils, however, 
some iron may be absorbed by plants as a result of the intimate contact 
between the root surface and the soil particles (Chapman, 1939). 

Iron is indispensable for the synthesis of chlorophyll in green plants. 
Deficiency of this element results in the development of a characteristic 
chlorosis. Iron docs not, however, enter into the constitution of the chloro¬ 
phyll molecule. The state of the iron in plant tissues is also often a factor 
determining its influence in chlorophyll synthesis. Chlorosis, as a result of 
iron deficiency, is sometimes found in leaves which contain as much iron 
as green leaves, the iron being present in an unavailable form in the 
chlorotic tissue. Iron is physiologically active in the ferrous state and, 
although often absorbed as the ferric ion, much of it is rapidly reduced 
within the cells. The rate at which iron is reduced in the living cells seems 
to be influenced by the quantity of manganese in the cells as discussed 

later. . 

Some of the enzymes and carriers which operate in the respiratory 

mechanism of living cells are iron compounds. Specific examples are cata¬ 
lase peroxidase, cytochrome oxidase (probably), and the cytochromes. 
The participation of iron in the form of such compounds in the oxidative 
mechanism of cells is undoubtedly one of its more important roles in cellu¬ 
lar metabolism. . . . c 

The proportionate amount of iron in plant tissues is very low ; much of 

that present is a constituent of organic compounds. Iron is one of the most 
immobile of all elements in plants, little redistribution occurring from one 
tissue to another. If plants which have been supplied with iron arc trans¬ 
ferred to a solution culture lacking this element, the subsequently de¬ 
veloping leaves exhibit a marked iron chlorosis, while the older leaves 
retain their normal green color. This is a graphic demonstration of the 
fact that no appreciable transfer of iron occurs from older to younger 

leaves. „ , . . , , .. 

Manganese .—Only small quantities of this clement are required by 
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plants, manganese compounds being distinctly toxic to plants except in 
very low concentrations. Manganese, as a rule, seems to be most abundant 
in the physiologically active parts of plants, especially leaves. It is a rela¬ 
tively immobile element, little redistribution occurring from one part of 
a plant to another. 

The roles of manganese in plants are undoubtedly those of a primary 
or accessory catalyst. This element probably plays a direct part in oxida¬ 
tion-reduction phenomena, especially in relation to iron compounds. Iron 
is commonly absorbed as the ferric ion and reduced in cells to the ferrous 
condition unless some oxidizing agent is present which prevents this re¬ 
action. According to Somers and Shive (1942), manganese plays the role 
of such an oxidizing agent, and an excess of manganese may, therefore, 
induce symptoms of iron deficiency by converting the available iron into 
the physiologically inactive ferric condition. 

Manganese is an activator of some enzyme systems including certain 
dehydrogenases and carboxylases. Some of the same enzymes activated by 
magnesium are also activated by manganese and, less commonly, by cer¬ 
tain other metallic cations. 

Manganese is also related in some way to chlorophyll synthesis as 
chloroplast-s are soon affected by deficiency of this element. Chlorosis re¬ 
sulting from manganese deficiency is distinctive in appearance as com¬ 
pared with that resulting from inadequate iron or magnesium. 

Certain “deficiency diseases” of plants have been traced to an inade¬ 
quate amount of manganese within the tissues. Some of the better known 
of these are Grey Speck of oats, Speckled Yellows of sugar beet, and 
Frenching of tung. Manganese deficiency in soils is most likely to occur 
when the soil reaction is relatively alkaline. Manganese toxicity as a re¬ 
sult of soil conditions is not common, but occurs occasionally, especially 
on acid soils. 

Boron. —Although, in general, this element is necessary in only small 
quantities, the boron requirements of different plants vary over a con¬ 
siderable range. Investigations by solution or sand culture techniques (see 
later) show that only a trace (less than 1 p.p.m.) of boron is required for 
the best development of some species such as tomato and carrot, while 
others such as sugar beet and asparagus do not show maximum develop¬ 
ment unless boron is available in a concentration of 10-15 p.p.m. The 
range between the amount of boron necessary for the best development of 
a plant and that causing injury is often very narrow and may even-over¬ 
lap so that, when plants are provided with sufficient boron for maximum 
growth, they may at the same time exhibit some signs of boron toxicity 
(Eaton, 1944). 
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The exact role of boron in plants is unknown. In boron deficient plants 
a variety of physiological reactions and morphogenic changes are induced 
which differ with the species and the environmental conditions. The ac¬ 
cumulation of carbohydrates, ammonium compounds, and other soluble 
nitrogenous compounds in boron deficient plants suggests a breakdown of 
protein synthesis (Briggs, 1943; Scripture and McHargue, 1945). The 
death or serious injury to cells of the apical meristems of the stem and 
root which is a usual symptom of boron deficiency may have a similar 
explanation. There is also considerable evidence of interrelationships 
between boron and the calcium and potassium metabolism of the plant. 

In most plants boron is not a readily mobile element. It reaches its 
greatest concentration in the leaves and seems to be fixed in the leaf cells 
in some manner which precludes its translocation to other tissues. The 
boron concentration of meristems, roots, fruits, and storage tissues is much 
lower than that of leaves. Boron may be present in the lower leaves of a 
plant in such quantities as to cause them injury at the same time that 
cells of the apical meristems exhibit symptoms of boron deficiency (Eaton, 
1944). 

A number of “physiological diseases” of plants have been found to be 
caused by a deficiency of boron within the tissues. Among these are Heart 
Rot of sugar beet, Leaf Roll of potato, Brown Heart of turnip, and 
Browning of cauliflower. Injury as a result of boron toxicity is also a 
fairly common occurrence in field grown plants. Use of irrigation water 
containing compounds of boron in solution is a frequent cause of boron 
toxicity in plants. 

Zinc .—This element is highly toxic to plants except in very dilute con¬ 
centrations, but traces must be present if normal plant metabolism is to 
be maintained. Deficiency of zinc results in structural aberrancies in the 
root tips (Eltinge and Reed, 1940), dwarfing of vegetative growth, and 
failure of seed formation (Reed, 1942). 

Zinc is known to be a constituent of the enzyme carbonic anhydrasc 
(Table 18). This is a well-known enzyme in animals, and evidence is 
accumulating that it is also of widespread occurrence in plants. Whether 
or not it plays any important role in plant metabolism has not yet been 
ascertained. There is good evidence that zinc is also necessary in the syn¬ 
thesis of indoleacetic acid, an important growth hormone in plants (Chap. 

XXVIII). 

A number of disease conditions, especially of tree species, have been 
recognized to result from zinc deficiency. Among these are Rosette of 
pecan, Little Leaf of various species of deciduous fruit trees, Bronzing of 
tung, and White Bud of maize. The abnormal growth behavior of fruit 
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trees and other species when deficient in zinc may result at least in part 
from the necessity of zinc for the synthesis of indoleacetic acid or other 
auxins (Skoog, 1940). 

Copper .—Like zinc this element is highly toxic to plants except in very 
dilute concentrations. Nevertheless there seems little doubt that traces of 
copper are essential in plant metabolism. Because of the fact that copper 
is a constituent of certain oxidizing-reducing enzymes, such as tyrosinase 
and ascorbic acid oxidase (Chap. XXII), it is certain that at least one of 
its roles in plant metabolism is participation in oxidation-reduction re¬ 
actions. Apart from this catalytic role no definite relation has been recog¬ 
nized between copper and any other specific physiological process. 

The Die-back disease of citrus and some other trees and the so-called 
“Reclamation Disease” have been found to have their origin in a defi¬ 
ciency of copper. The latter disease has been found in plants growing on 
reclaimed heath and moorland soils in some parts of northern Europe. 
Live stock grazing on such lands are also subject to a copper deficiency 
disease. 

Molybdenum .—This is the latest element to be added to the list of 
those now generally considered indispensable for higher green plants. The 
first green plant for which this element was shown to be essential was the 
tomato (Arnon and Stout, 1939), although its necessity for certain bac¬ 
teria and fungi had been shown previously. Necessity of this element for 
a number of other higher plant species has been clearly demonstrated 
(Hewitt, 1951). Of all the elements definitely considered to be essential, 
molybdenum is required in the smallest amounts. One part in 100,000,000 
of a culture solution is sufficient to prevent the appearance of molyb¬ 
denum deficiency symptoms in tomato plants. This element is usually sup¬ 
plied to plants as the molybdate ion. One of the roles of molybdenum in 
plants appears to be that of plaving a part in the reduction of nitrates 
(Chap. XXVI). 

Molybdenum-deficient soils have been found in regions as far apart as 
Australia, California, New Jersey, and central Europe. Applications of 
MoO a at the rate of an ounce an acre or even less have resulted in marked 
increases in the yield of certain crops on such soils. In any appreciable 
concentration molybdenum is highly toxic to plants. Excess molybdenum 
is also harmful to animals. The teart disease of livestock, which occurs 
in certain parts of England, has been found to result from excess of this 
element in the diet. Soils of areas in which this disease occurs are rela¬ 
tively rich in molybdenum, and unusually large amounts of molybdenum 
compounds accumulate in many of the forage plants from which it is 
obtained by the animals which browse on them. 

Sodium .—Although there is no convincing evidence that sodium is actu- 
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ally essential in plant metabolism, it is almost invariably present in the 
ash, sometimes in relatively large amounts (Collander, 1941). Further¬ 
more, addition of sodium compounds to the soil has been found to result 
in more vigorous development of many kinds of plants. This is true of 
some species only when potassium is deficient but is true for some other 
species when potassium is present in a sufficiency. Examples of some 
plants in the first category are barley, carrot, cotton, flax, and tomato; 
of plants in the second category, celery, table and sugar beet, turnip and 

Swiss chard (Harmer and Benne, 1945). 

Silicon .—This element comprises a very large proportion of the ash of 
some species, particularly of the aerial portions of members of the grass 
and Equisetum families. It is also relatively abundant in the bark of trees. 
Earlier investigators believed, principally because of the large amounts 
present in the ash of many species, that silicon is essential for plants. 
Many years ago, however, it was shown that even those species in which 
silicon was most abundant could be grown to maturity in culture solutions 
to which no silicon was added. It is doubtful, however, if plants have e\er 
grown in the complete absence of this element since, even in cultures to 
which it is not supplied, traces are probably present in the form of im¬ 
purities from various sources. The results of Lipman (1938) with sun¬ 
flower and barley, and Raleigh (1939) with beet, suggest very strongly 
that small amounts of this element are essential, at least for some species. 

Formerly it was believed that silicon was important, in contributing to 
the stiffness of the straw in cereal crops, but the experimental evidence 
does not support this view. Some investigators have also considered that 
the silicified cell walls of some species, such as the cereals, render them 

more resistant to fungous and insect parasites. 

Silicon appears, however, to exert an important influence upon the phos¬ 
phate metabolism of plants. Application of sodium silicate results in an 
increase in the yields of plants growing in plots inadequately supplied 
with phosphates. Some workers believe this effect of silicon to be upon the 
metabolism of the plant itself. They believe that the presence of this ele¬ 
ment in some way increases the efficiency of the plant in the utilization of 
phosphorus. Others believe that silicon increases the availability of the 
phosphates in the soil. It is possible that both such effects may occur. 

Chlorine. _This element was earlier considered to be essential for 

plants, although in more recent times this view has not received much sup¬ 
port Chlorine seems, however, to be of universal occurrence in plants and 
is apparently present almost wholly in the form of soluble inorganic chlo¬ 
rides. The experimental results which have been obtained upon supplying 
chlorides to plants have been very variable. In some species a definite 
beneficial effect has been noticed; in others applications of chlorides have 
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resulted in a retardation of plant growth; and in still others no apparent 
influence could be detected. The apparent results of supplying chlorides 
to plants may be caused largely, if not entirely, by effects on ionic rela¬ 
tionships in the soil or solution culture rather than by direct effects of this 
element on the metabolism of the plant. As a result of critical experi¬ 
ments with buckwheat and peas, however, Lipman (1938) concluded that, 
if chlorine is not actually essential, it greatly influences plant develop¬ 
ment. 

Plants indigenous to salt marshes and saline soils can endure the pres¬ 
ence of relatively large quantities of chlorides, usually sodium chloride, 
in the soil. Asparagus is an example of a crop plant which not only tol¬ 
erates but actually requires treatment with sodium chloride for its best 

development. 

Aluminum .—This element is one of the most abundant of those present 
in the soil, although it occurs chiefly in insoluble forms. A larger propor¬ 
tion of soluble aluminum is generally present in relatively acid soils (be¬ 
low pH 5.0) than in soils of higher pH. 

Aluminum is probably universally present in plants, although in terms 
of percentage composition the amount in the ash of most species is very 
small. Aluminum is not usually considered to be one of the essential ele¬ 
ments, but the results of Sommer (1926), Lipman (1938), and Taubock 
(1942) suggest strongly that traces may be necessary, at least for some 

species. 

Except in very dilute concentrations, aluminum is distinctly toxic to 
plants. Its toxicity to such species as com and barley may become evi¬ 
dent in concentrations as low as 1 part per million in culture solutions. 
The detrimental effect of soils with a pH of 5 or less upon the growth of 
some species undoubtedly results, at least in part, from the toxic effect 
of the relatively high concentration of aluminum ions in such soils. In 
acid soils aluminum may precipitate phosphorus and so decrease its avail¬ 
ability to plants. The beneficial effect upon the growth of some species of 
adding lime or phosphates to acid soils results at least partly from a re¬ 
duction in the solubility of the aluminum compounds present as well as 
from an increase in the availability of phosphorus. 

The color of the flowers of Hydrangea macrophylla is related to alumi¬ 
num content of the floral tissues (Allen, 1943). Blue flowers always con¬ 
tain more aluminum than pink flowers. Addition of soluble aluminum 
compounds to the soil in which hydrangea plants are growing induces a 

shift in flower color from pink to blue. 

Selenium .—For many years a serious and often fatal disease of live¬ 
stock, usually called “alkali disease,” has been known to occur in certain 
regions of the great plains of western North America. The cause of this 
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disease was long unknown but was finally recognized to be a result of 
selenium poisoning. The distribution of this disease was found to corres¬ 
pond closely with that of seleniferous soils. Such soils are of common 
occurrence in a belt extending from Alberta and Saskatchewan to Arizona 
and New Mexico and doubtless also occur in many other parts of the 
world (Trelease and Beath, 1949). Some of the plants native to such sele¬ 
niferous soils, notably certain species of Astragalus, a kind of vetch, ac¬ 
cumulate selenium in relatively large quantities. Selenium poisoning is a 
common outcome of the browsing upon such plants by cattle, sheep, or 
horses. On the other hand, very little selenium accumulates in many kinds 
of plants, including most crop plants, even when growing on highly sele¬ 
niferous soils. Plants in this latter category exhibit symptoms of selenium 
toxicity at relatively low concentrations in solution cultures. Selenium- 
accumulating species, on the contrary, may acquire a selenium content as 
high as a hundred times that of nonaccumulating species without injury, 
and there are indications that selenium may even be a necessary element 

for such species (Trelease and Trelease, 1939). 

Iodine, Fluorine, and Cobalt .—These elements are included in the dis¬ 
cussion, not because they are known to be essential to plants, but because 
of the critical roles they play in the metabolism of higher animals. 

Iodine is a constituent of the essential animal hormone, thyroxin, and 
deficiency of iodine leads to the development of goiter in man and higher 
animals. When iodides are present in the soil they are absorbed by plants, 
hence in some regions vegetable foods may be an important dietary source 
of iodine for animals. 

Lewis and Powers (1941), in a critical study, were unable to find any 
evidence of the essentiality of iodine in several kinds of plants. Marked 
toxicity effects were exhibited by tomato plants growing in sand culture 
to which 16 p.p.m. of iodine were added as potassium iodide, but not by 
plants at a concentration of 4 p.p.m. (Hageman et al., 1942). 

Fluorine has attracted much attention in recent years because of its 
apparent role in preventing dental caries in humans. Fluoride ions are 
readily absorbed by plants, especially from the more acid types of soils, 
but in any appreciable concentration they are highly toxic. Concentrations 
as low as 10 p.p.m. of fluorine (in the form of NaF) in solution cultures 
were found to be toxic to several species of plants (Leone et al., 1948). 
Fluorine gas is an effulgent waste in certain industrial processes, and fluo¬ 
rine from this source has been suspected of having detrimental effects on 

plants in some localities. 

Although not definitely known to be an essential clement, cobalt may 
exert marked effects on plant metabolism and development. Cobalt ions 
are known to activate some plant enzymes, such as certain carboxylases 
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and peptidases. Cobalt also has an enhancing effect upon the enlargement 
phase of growth in etiolated leaves and certain other plant tissues (Miller, 
1951). Cobalt deficiency leads to the development of a diseased condition 
in cattle and sheep which has been called by a number of names (Pining, 
Bush Sickness, Morton Mains Disease) and which has been recognized in 
such widely separated parts of the world as Scotland, New Zealand, and 
Australia. This disease can be combated by soil treatments with a cobalt 
salt, resulting in an increased content of cobalt in the forage plants on 
which the animals browse. The fact that cobalt has been found to be a 
constituent of vitamin B 12 (Chap. XXVIII) is probably significant in 
relation to such deficiency diseases. 

Symptoms of Mineral Element Deficiency.—Absence or deficiency of any 
of the necessary mineral elements in the soil or other substratum in which 
a plant is rooted will sooner or later become apparent in the development 
of the plant by the appearance of growth aberrations of one kind or an¬ 
other. Symptoms of mineral element deficiency may also occur when the 
element is present in the tissues of the plant if for some reason or another 
it cannot be used in plant metabolism. Plants may exhibit symptoms of 


Fig. 110. Symptoms of mineral element deficiencies as shown hv tobacco plants. 
The deficient elements are: (1) nitrogen, (2) phosphorus, (3) potassium, (4) 
calcium, (51 magnesium, (7) boron, (£) sulfur, (0) manganese, and (10) iron. 
All of the elements were supplied to (6). Photograph, IT. S. Department of 

Agriculture. 
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nitrogen deficiency, for example, even when the tissues contain an abun¬ 
dant supply of nitrates if the reduction of nitrates is prevented for some 
reason or another. 

In a general way the symptoms of the deficiency of a given mineral 
element are similar in all species of plants. Certain deficiency symptoms 
assume, however, more or less distinctive aspects in some species. For 
example, manganese deficiency results in the development of a charac¬ 
teristic mottled chlorosis in the leaves of many species. In maize and other 
cereals, however, chlorosis resulting from manganese deficiency assumes 
the pattern of an alternate yellow and green striping running lengthwise 
of the leaves. Symptoms of the deficiency of a given element also fre¬ 
quently differ somewhat in woody plants from herbaceous plants. It is 
therefore important that the symptoms of mineral element deficiency be 
studied for each economic species of plants individually. Once such symp¬ 
toms have been distinguished for a species they are of assistance in 
diagnosing abnormal development of plants of that species under natural 

or cultural conditions. 

Keys to the symptoms of various elemental deficiencies have been de¬ 
vised for a number of species of plants. The following key for tobacco i> 
taken, with slight modifications, from McMurtrey (1938). The effects ot 
such deficiencies upon tobacco plants are depicted in Fig. 119. Keys or 
other kinds of plants, as well as colored illustrations of mineral deficiency 
symptoms for a number of species are given by Hambidgc (1949). 



KEY TO MINERAL 

Effects localized on 


ELEMENT DEFICIENCY SYMPTOMS IN TOBACCO 

older leaves or more or less general on the whole 


plant. . . .. 

B. Local, occurring as mottling or chlorosis with or without necrotic 

spotting of lower leaves, little or no drying of lower leaves. 

C. Lower leaves curved or cupped under with yellowish mottling 

at tips and margins. Necrotic spots at tips and margins. 

Potassium. 


A. 


C. Lower leaves chlorotic between the principal veins at tips and 
margins of a light-green to white color. Typically no necrotic 
spots Magnesium. 

B. General; also yellowing and drying or “firing” of lower leaves. 

C Plant light green, lower leaves yellow, drying to light-brown 
' color. . . , Sitragen. 

C. Plants dark green, leaves narrow in proportion to length, plants 

_ Phosphorus. 

immature. 1 

Effects localized on terminal growth, consisting of upper and bud 
leaves. 
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B. Dieback involving the terminal bud, which is preceded by peculiar 
distortions and necrosis at the tips or base of young leaves making 
up the terminal growth. 

C. Young leaves making up the terminal bud first light green fol¬ 
lowed by a typical hooking downward at tips, followed by 
necrosis, so that if later growth takes place tips and margins of 
the upper leaves are missing. Calcium. 

C. Young leaves constricted and light green at base, followed by 
more or less decomposition at leaf base; if later growth takes 
place leaves show a twisted or distorted development; broken 
leaves show blackening of vascular tissue. Boron. 

B. Terminal bud remains alive, chlorosis of upper or bud leaves, with 
or without necrotic spots, veins light or dark green. 

C. Young leaves with necrotic spots scattered over chlorotic leaf, 
smallest veins tend to remain green, producing a checkered 
effect. Manganese. 

C. Young leaves without necrotic spots, chlorosis does or does not 
involve veins so as to make them dark or light green in color. 

D. Young leaves with veins of a light-green color or of the 
same shade as interveinal tissue. Color light green, never 
white or yellow. Lower leaves do not dry up. Sulfur. 

D. Young leaves chlorotic, principal veins characteristically 
darker green than tissue between the veins. When veins lose 
their color, all the leaf tissue is white or yellow. Iron. 

Solution and Sand Cultures. —Much of our knowledge regarding the roles 
of mineral elements in plants has been obtained by means of solution 
culture experiments. The growing of plants in solution and sand cultures 
is today one of the most widely used experimental techniques employed 
by plant physiologists. The necessary solutions, often rather inappropri¬ 
ately called “nutrient solutions,” are prepared by dissolving salts in cer¬ 
tain definite proportions in distilled water. A multitude of combinations 
and concentrations of salts have been suggested for use in solution culture 
work. In general, however, it has been found that most species of plants, 
under a given set of climatic conditions, grow almost equally well over a 
considerable range of variations in the mineral salt complex of a solution 
culture, a sand culture, or a soil. 

Shive (1915) pointed out that the six principal elements obtained by 
plants from the soil—nitrogen, sulfur, phosphorus, calcium, potassium 
and magnesium—could be supplied by a solution containing only three 
salts. He proposed a “three-salt” solution containing Ca(N0 8 )2, KH2PO4, 
and MgS0 4 to which was added a trace of iron salt. Such three-salt solu- 
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tions were widely used for some years but for various reasons have been 
almost entirely replaced by solutions in which four or more salts are used 
to provide the six macrometabolic elements obtained by plants from the 
soil. Two solutions which have been widely used are those described by 
Hoagland and Amon (1938) and by Shive and Robbins (1938). The 
former of these has the following composition: 0.001 M KH 2 P0 4 , 0.005 
M KN0 3 , 0.005 M Ca(N0 3 ) 2 , and 0.002 M MgS0 4 ; the latter has the 
following composition: 0.0023 M KH 2 P0 4 , 0.0045 M Ca(N0 3 ) 2 , 0.0023 
M MgS0 4 , and 0.0007 M (NH 4 ) 2 S0 4 . 

In order to make either of the above solutions, or any of a number of 
similar ones which have been devised, “complete,” it is also necessary 
to introduce into it the necessary micrometabolic elements. A solution of 
ferric tartrate is often used as the source of iron. One milliliter of a 0.5 
per cent solution of this salt per liter of the culture solution is usually 
sufficient, although supplementary additions of iron salt are necessary 
under some conditions as indicated in the later discussion. The other 
micrometabolic elements are usually supplied to the culture solution in 
the form of a supplementary solution of which a number have been 
described. One such solution is prepared as follows: 2.5 g. H 3 B0 3 , 1.5 g. 
MnCl 2 -4H 2 0, 0.10 g. ZnCl 2 , 0.05 g. CuC 1 2 *2H 2 0, and 0.05 g. Mo0 3 . One 
milliliter of this solution is usually added to each liter of the culture 
solution. 

A number of schemes have been devised whereby a series of closely 
comparable solutions can be prepared, each of which is lacking in one 
macrometabolic element. One such relatively simple scheme is described 
by Meyer (1945). Such series of solutions arc used in studying symptoms 
of the deficiency of the various elements. More elaborate systems of solu¬ 
tions in which the proportions of the cations and anions present can be 
varied systematically have been described by Hamner et al. (1942) and 
others. In solution culture experiments the solution is transferred to 
suitable vessels, the size and shape of which depend upon the purpose 
of the investigation, and the kind and size of the experimental plants. 
Jars, crocks, trays, and tanks of various kinds have been used as the 
containers in solution culture investigations. It is usually desirable, and 
in some kinds of experiments essential, that the containers be made of 
some relatively inert material such as Pyrex glass or well-glazed porce¬ 
lain. Seedling plants are fastened into position on the containers in such 
a way that their root systems are immersed in the solution. 

Many precautions must be observed if reliable results are to be ob¬ 
tained in work with solution cultures, only a few of the most important 
of which can be summarized in a brief discussion: (1) All of the solutions 
used in any series must have essentially the same osmotic pressure, except 
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in experiments in which the effects of different osmotic pressures of the 
solutions themselves are being investigated. In general, however, with 
the one exception just noted, solutions with an osmotic pressure of more 
than 2 atm. are not employed in solution culture experiments. (2) The 
possible effects of differences in pH from one solution to another in any 
given series should be evaluated. It is probable, however, that the effects 
of pH as such in solution cultures are not as significant as they were at 
one time supposed to be. Arnon and Johnson (1942) have shown that 
several species of plants develop almost equally well in solution cultures 
at any pH between 4 and 8 if precautions are taken to assure that all of 
the necessary elements remain available at all pH values. (3) Most 
species of plants grow better in aerated than in unaerated solution cul¬ 
tures. A solution is an unnatural environment for the roots of most species 
of plants. The oxygen concentration of such aqueous media is relatively 
low, and carbon dioxide may accumulate as a result of root respiration. 
Aeration of solution cultures is therefore often necessary and almost 
always desirable. If aeration is to be efficient the air forced through the 
solution must be broken into very fine bubbles. This is usually accom¬ 
plished by forcing air under pressure through tubes of porous carbon or 
some similar material which are immersed in the solutions. (4) In many 
types of experiments provision must be made for at least approximate 
maintenance of the ionic concentrations and proportions within the solu¬ 
tion. The various ions in a solution are not absorbed at the same rate. 
Neither is the rate of absorption of water proportional to the rate of 
absorption of ions. Furthermore, various ions, and perhaps also organic 
compounds, diffuse from the roots into the solution. The modifying effects 
of these processes on the composition and concentration of the solution 
may be minimized in several ways. If the initial proportion of volume of 
solution to the size of the root system is relatively large, ionic propor¬ 
tions and total concentration of the solution will usually be maintaine 
longer than if the opposite is true. In some solution culture installations, 
provision is made for a slow constant renewal of the solution. In large- 
scale work, especially, analyses are made at frequent intervals for the 
various ions, and the concentration of any one found to be deficient in 
the solution is restored to its initial value. The most commonly followe 
procedure, however, is to replace the solution at relatively frequent inter 
vals with fresh solution. (5) Considerable difficulty is often experienced 
in keeping certain elements in soluble form in culture solutions under 
certain conditions. This is particularly true of iron. In general, the more 
alkaline the solution the more likely is the iron to be precipitated. In 
solutions with a pH of 6.0 or higher, special precautions must be taken to 
prevent iron deficiency from becoming a limiting factor in plant growth. 
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A procedure commonly used to prevent 
the development of iron deficiency is to 
add fresh portions of a dilute solution 
of an iron salt to a culture solution from 
time to time. Another procedure is to 
supply the iron as iron humate (Horner 
et al., 1934). In this form iron is not 
readily precipitated from the kinds of 
solutions used in culture work with 
plants. Still another procedure is to sup¬ 
ply iron in an “insoluble” form such as 
magnetite. Iron from such a compound 
slowly passes into solution thus main¬ 
taining the supply of this element over 
an extended period. The same considera¬ 
tions which apply to the solubility of 
iron in solution cultures also apply to 
manganese. Phosphates also are highly 
insoluble in alkaline solutions, and spe¬ 
cial precautions must be taken if avail¬ 
ability of phosphates is to be maintained 
in solutions above a pH of about 7. 

For many types of investigations “sand 
cultures” are preferred to solution cul¬ 
tures. Suitable vessels are filled with a 
pure quartz sand or some similar inert 
granular material in which the plants are 
rooted. The sand must not be too fine, 
else difficulties will be encountered in 
insuring adequate drainage and aeration. 
For this reason a fine-textured gravel is 
often used instead of a sand. The sand 
is kept moistened with the solution by 
one or another of several techniques. 
“Drip cultures” have often been used, 
in which the solution falls from an over¬ 
head reservoir, usually drop by drop, on 
the surface of the sand, provision being 
made for the drainage of any excess solu¬ 
tion from the vessels. Another commonly 
used procedure is that ol subirrigation. 
The bottom of the sand container is con- 



sectional view) of apparatus for 
sand culture of plants by the 
sub-irrigation method. (A) Two- 
gallon urn-shaped porcelain ves¬ 
sel filled with sand. ( H) Overflow 
tube. (C) Fiber glass or glass 
wool pad. (D) Connection to 
compressed air line or air pump. 
(E) Reservoir bottle (one gal¬ 
lon) containing solution. 
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nected by means of suitable tubing with a reservoir of solution (Fig. 
120). By placing the solution in the reservoir under pressure, the solution 
is forced up through the sand in the vessel to its surface. The pressure on 
the solution in the reservoir is then turned off, and the excess solution 
drains from the sand back into the reservoir. From one to several irriga¬ 
tions per day are necessary, depending upon the plant, volume and 
particle size of the sand, and the prevailing environmental conditions. 
Automatic subirrigation installations have been devised and used by a 
number of investigators. 

An important advantage of sand over solution cultures is that, in the 
former, the roots grow in a much more nearly natural environment, par¬ 
ticularly as regards aeration. A sand medium, however, is a much simpler 
environment for roots than most naturally occurring soils. For some pur¬ 
poses solution cultures have definite advantages over sand cultures. This 
is especially true in experimental work with micrometabolic elements, 
because it is simpler to eliminate sources of contamination with unwanted 
elements when the additional complexity of a sand medium is not present 


in the system. 

Employment of the techniques of sand and solution cultures has led to 
many advancements in knowledge of the mineral salt relations of plants 
Most of the available information regarding the essentiality of various 
elements for plants has resulted from investigations in which such tech¬ 
niques have been used. The symptoms of the deficiency of the various 
essential elements in many species of plants have also been ascertained 
by such techniques. Sand and solution cultures have also been used in 
the investigation of such other problems as the relative proportions of 
different ions most favorable to the development of different plants, the 


toxicity of various ions to plants, the mechanism of the absorption of ions, 
and the tolerance of different plants to different total concentrations of 


salts in the substratum. 

The fact that it has been found possible to grow many species of plants 
to maturity in sand or solution cultures has led to the advocacy of this 
method for the production of crops on a commercial scale. The terms 
hydroponics and soilless growth of plants, among others, have been ap¬ 
plied to such procedures. Much publicity was given to this possibility for 
a while, and many extravagant claims were made for these methods which 
by-pass the time-hallowed procedure of using soil as the substratum of 
plant growth. There is a moderate measure of truth in the claims of the 
proponents of such methods, but it is unlikely that soilless methods of 
culturing plants will make any appreciable inroads on conventional agri¬ 
culture in the foreseeable future. Actually such procedures are entirely 
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feasible, and the techniques of large-scale soilless culture of plants have 
been worked out in considerable detail (Ellis and Swaney, 1947). Theic 
is little evidence, however, that the yield of a crop plant rooted in sand or 
solution cultures will exceed that for the same plant when rooted in a good 
agricultural soil. Critical comparison of soil-grown and solution-grown 
plants under similar conditions of light, temperature, and spacing show 
no significant difference in yield between the two methods of culture 
(Hoagland and Amon, 1938). The methods of sand and solution culture 
have been adapted, with apparent success, to the culture of certain green¬ 
house crops. Such techniques have also been employed for the raising of 
certain crops in isolated, barren regions such as remote oceanic islands. 
A number of large-scale solution culture installations were operated in 
such places during World War II for military purposes. The extent to 
which such methods will be employed commercially in the future is largely 

a matter of economics. 


SUGGESTED FOR COLLATERAL READING 

Ellis C and M. W. Swaney. Soilless Growth of Plants. 2nd Ed. Revised by T. 

Eastwood. Reinhold Publishing Corp. New York. 1947. 

Hambidge, G., Editor. Hunger Signs in Crops. 2nd Ed. Judd and Detweilcr. 

Washington. 1949. . . . , n> . 

Hoagland, D. It. Lectures on the Inorganic A utntion of Plants. Chronica Bo- 

tanica Co. Waltham, Mass. 1944. . • j u x? w 

Russell, E. J. Soil Conditions and Plant Growth. 8th Ed. Revised by E. W. 

Russell. Longmans, Green and Co. London. 1950 
Stiles, W. Trace Elements in Plants and Animals. The Macmillan Co. New ^ork. 

1946 

Truog, E., Editor. Mineral Nutrition of Plants. University of Wisconsin Press. 

Madison. 1951. . „ . „ . 

Wallace, T. A., et al. Rothampsted International Symposium on Trace Elements 

in Plant Physiology. Chronica Botamca Co. Waltham, Mass 1951. 

Bibliography of the literature on the minor elements and their relation to plant 

and animal nutrition. 4th Ed. Vol. I, II. Chilean N,irate Educational Bureau, 

Inc. New York. 1948, 1951. 

SELECTED BIBLIOGRAPHY 

Allen R. C. Influence of aluminum on the flower color of Hydrangea macrophylla. 

Contr. Boyce Thompson Inst. 13 : 221-242. 1943. . a , 

Amon D I and D R. Hoagland. Composition of the tomato plant as influenced 

bO nutrient supply, in relation to fruiting. Bot. Gar. 104 : 576-590. 1943 
i t-) t fln( i c M Johnson. Influence of hydrogen ion concentration on the 

gr'owtJ if Wg£r plants under controlled, conditions. Plant Physiol. 17: 525- 

Amo^? 9 D 19 I 42 and P. R. Stout. Molybdenum as an essential element for higher 
plants. Plant Physiol. 14 : 599-602. 1939. 



498 


UTILIZATION OF MINERAL SALTS 


Amon, D. I., P. R. Stout, and F. Sipos. Radioactive phosphorus as an indicator 
of phosphorus absorption of tomato fruits at various stages of development. 
Amer. Jour. Dot. 27: 791-798. 1940. 

Biddulph, O. Diurnal migration of injected radiophosphorus from bean leaves 
Amer. Jour. Bot. 28: 34S-352. 1941. 

Brenchley, \\ inifred E. The essential nature of certain minor elements for plant 
nutrition. Bot. Rev. 2: 173-196. 1936. 13: 169-193. 1947. 

Breon, W. S., W. S. Gillam, and D. J. Tendam. Influence of phosphorus supply 
and the form of available nitrogen on the absorption and the distribution of 
phosphorus by the tomato plant. Plant Physiol. 19: 495-506. 1944. 

Briggs, G. B. Effect of boron in the substrate on the rate of nitrate absorption 
and on nitrogen distribution in nasturtium. Plant Physiol. 18: 415-432. 1943. 

Burkhart, L., and E. R. Collins. Mineral nutrients in peanut plant growth. Proc. 
Soil Sci. Soc. Amer. 6: 272-280. 1941. 

Chapman, II. D. Absorption of iron from finely ground magnetite bv citrus seed¬ 
lings. Soil Sci. 49: 309-314. 1939. 

Collander, R. Selective absorption of cations by higher plants. Plant Physiol. 
16: 691-720. 1941. 

Eaton, F. M. Deficiency, toxicity and accumulation of boion in planets. Jour. 
Agric. Res. 69: 237-277. 1944. 

Eaton, S. V. Influence of sulphur deficiency on metabolism of black mustard. 
Bot. Gaz. 104: 306-315. 1942. 

Eckerson, Sophia H. Influence of phosphorus deficiency on metabolism of the 
tomato. Contr. Boyce Thompson Inst. 3: 197-217. 1931. 

Eltinge, Ethel T., and H. S. Reed. The effect of zinc deficiency upon the root of 
Lycopcrsicum esculentum. Amer. Jour. Bot. 27: 331-335. 1940. 

Hugeman, R. H., E. S. Hodge, and J. S. McHargue. Effect of potassium iodide 
on the ascorbic acid content and growth of tomato plants. Plant Physiol. 
17: 465-472. 1942. " 

Hamner, K. C., C. B. Lyon, and C. L. Hamner. Effect of mineral nutrition on 
the ascorbic-acid content of the tomato. Bot. Gaz. 103: 5S6-616. 1942. 

Ilarmer, P. M., and E. J. Benne. Sodium as a crop nutrient. Soil Sci. 60: 137- 
148. 1915. 


Hewitt, E. J. The role of the mineral elements in plant nutrition. Ann. Rev. 
Plant Physiol. 2: 25-52. 1951. 

Hoagland, D. R., and D. I. Amon. The water-culture method for growing plants 
without soil. Vniv. Calif. Agric. Expt. Sta. Circ. 347. 1938. 

Horner, C. Iv., D. Buck, and S. R. Hoover. Preparation of humate iron and other 
humate metals. Plant Physiol. 9: 663-669. 1934. 

Leone, I. A., E. G. Brennan, R. H. Daines, and W. R. Robbins. Some effects of 

fluorine on peach, tomato, and buckwheat when absorbed through roots. 
Soil Sci. 66: 259-266. 194S. 

Lewis, J. C., and W. L. Powers. Iodine in relation to plant nutrition. Jour. Agric. 
Res. 63: 623-637. 1941. 

Lineberrv, R. A., and L. Burkhart. Nutrient deficiencies in the strawberry leaf 
and fruit. Plant Physiol. 18: 324-333. 1943. 

Lipman, C. B. Importance of silicon, aluminum and chlorine for higher plants. 
Soil Sci. 45: 189-198. 1938. 

MacGillivray, J. H. Effect of phosphorus on the composition of the tomato plant. 
Jour. Agric. Res. 34: 97-127. 1927. 


SELECTED BIBLIOGRAPHY 


499 


Maze, P. Determinations des elements minereaux rares necessaires au develop- 
pement du mais. Compt. Rend. Acad. Sci. (Paris) 160: 211-214. 1915. 
McMurtrey, J. E., Jr. Symptoms on field-grown tobacco characteristic of the 
deficient supply of each of several essential chemical elements. U. S. Dept. 
Agric. Tech. Bull. 812. 1938. 

Meyer, B. S. Effects of deficiencies of certain mineral elements on the development 
of Taraxacum kok-saghyz. Amer. Jour. Bot. 32: 523-528. 1945. 

Miller, C. O. Promoting effect of cobaltous and nickelous ions on expansion of 
etiolated bean leaf disks. Arch. Biochem. and Biophys. 32: 216-218. 1951. 
Mullison, W. R., and Ethel Mullison. Growth responses of barley seedhngs m 
relation to potassium and sodium nutrition. Plant Physiol. 17: 632-644. 1942. 
Nightingale, G. T. Potassium and calcium in relation to nitrogen metabolism. 

Bot. Gaz. 98: 725-734. 1937. 

Nightingale, G. T. Nitrate and carbohydrate reserves in relation to nitrogen 

nutrition of pineapple. Bot. Gaz. 103: 409-456. 1942. 

Raleigh, G. J. Evidence for the essentiality of silicon for growth of the beet plant. 

Plant Physiol. 14: 823-828. 1939. . cqk 

Reed, H. S. The relation of zinc to seed production. Jour. Ague. Res. 64: b4£>- 


644 1942 

Richards, F. J., and W. G. Templeman. Physiological studies in plant nutrition 
IV. Nitrogen metabolism in relation to nutrient deficiency and age in leaves 

of barley. Ann. Bot. 50: 367-402. 1936. 

Scripture, P N., and J. S. McHargue. Boron supply in relation to carbohydrate 
metabolism and distribution in the radish. Jour. Amer. Sac. Agron. 37: 360- 


364. 1945. . . » n . A 1 r 7 

Shive, J. W. A three-salt nutrient solution for plants. Amer. Jour. Bot. 2: 15 

Shive 6 °i and W R. Robbins. Methods of growing plants in solution and 

sind cultures. N. J. Agric. Erpt. Sta. Bull. No. 036. 1938. 

Skok, J. Effect of the form of the avadablc nitrogen on the calcium defiei n v 
symptoms in the bean plant, riant Physxol. 16:145-158194 . 

Skoog, F Relationships between zinc and auxin ,n the growth of higher plants. 

SmithTl A°Thfroic 2 o 7 ; boron'm ‘pTnt metabolism. I. Boron in relation to the 
absorption and solubility of calcium. Austral. Jour. Expt. Biol, and tied. 

Somfre, I 22 f.W. Shive. The iron-manganese relation in plant metabolism. 

Plant Physiol. 17: 582-602. 1942. , 

Sommer, Anna L. Studies concerning the essential nature_o. alum1 ”^ 
con for plant growth. Univ. Calif. Publ. Ague. Set. 5: 5/-81. 1926 
Sorokin, Helen, and Anna L. Sommer. Effect of calcium deficiency upon the roots 

of Pisum sativum. Amer. Jour. Bot. 27: 308-318. 1940. p t «ridonhvten 

Taubock, K. Ober die Lebendsnotwendigkeit des Aluminums fur Ptendophyte . 

Bot.’ Arch. 43: ' L _ c Bryne r, and Q. R. Hill. A study of the 

“Tlfu^metabolism of wheat/barley and com using radioactive sulfur. Plant 

Trel^,t F! ! and ? 0 44 A.'B^ath. Selcn.um. Published by Authors. New York. 
1949. 



500 


UTILIZATION OF MINERAL SALTS 

0 


Trelease, S. F., and Helen M. Trelease. Physiological differentiation in Astragalus 
with reference to selenium. Amer. Jour. Bot. 26: 530-535. 1939. 

Wadleigh, C. H. Mineral nutrition of plants. Ann. Rev. Biochem. 18: 655-678. 
1949. 

Wall, M. E. The role of potassium in plants. III. Nitrogen and carbohydrate 
metabolism in potassium deficient plants supplied with either nitrate or 
ammonium nitrogen. Soil Sci. 49: 393-408. 1940. 

Wall, M. E., and V. A. Tiedjens. Potassium deficiency in ammonium and nitrate- 
fed tomato plants. Science 91: 221-222. 1940. 

DISCUSSION QUESTIONS 

1. The addition of inorganic nitrogen to a soil in which both legumes and 
grasses are growing together often results in the disappearance of the legumes. 
What is a probable explanation of this result? 

2. The growing of sorghums has frequently been found to be injurious to 
crops planted later on the same soil. What are possible explanations of this 
effect ? 

3. Why are some crops such as tobacco “hard on the soil'’? 

4. What is a “fertilizer”? What elements are most commonly supplied to 
plants as fertilizers? List several reasons for the addition of fertilizers to soils. 

5. Is it scientifically permissible to use the term “plant food” as synonymous 
with fertilizer? Discuss. 

6. How does the list of essential elements for plants compare with that for 
animals? 

7. Why are salts of copper and other heavy metals more toxic to plants in 
lower concentrations in solution cultures than in soils? 

8. Why does nitrogen deficiency become evident in plants more quickly than 
sulfur deficiency? 

9. In which above ground parts of a plant would you expect “salt injury” 
(injury resulting from over-fertilization) to appear first? Why? 

10. Would an overdose of fertilizer be more injurious to plants growing in the 
bright light or to similar plants growing in the shade? Explain. 

11. Can the mineral salt deficiencies of a soil be determined by analyzing the 
leaves of plants growing on that soil? 

12. When planted in certain kinds of soils, leaves of oak trees often show 
chlorosis. How would you proceed to ascertain the cause of such a chlorosis in 
the shortest possible time? 

13. Given a species of plant which had not been experimented with before, how 
would you proceed to devise a suitable solution for the growth of this plant in 
sand cultures? 

14. Which would be more useful in indicating whether or not a given soil was 
deficient in some essential elements, an analysis of the soil or an analysis of the 
leaves of plants growing on that soil? Explain. 
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All of the many physiological reactions characteristic of living cells 
appear to center around the physical and chemical properties of protein 
molecules and related compounds. Proteins are nitrogen-containing mole¬ 
cules relatively huge in size and of enormous complexity ol structure. 
Together with water they are the principal constituents of protoplasm. 
The protein molecules of protoplasmic systems possess the inherent capac¬ 
ity of reproducing themselves exactly from simpler units, thus maintain¬ 
ing and enlarging the system of which they form so essential a part. 

In addition to their fundamental role in protoplasmic systems, proteins 
also often occur in plant cells in the form of stored foods, especially in 
the seeds of many species. Such “reserve” or storage proteins differ in 
their physical and chemical properties from the protoplasmic proteins. 
The latter are more complex than the former and cannot be extracted 
from tissues by the same methods used in extracting storage proteins. The 
structural organization of both kinds of proteins is believed to be essen¬ 
tially similar, however. 

In addition to the proteins a number of other kinds of nitrogenous or¬ 
ganic compounds occur in plants, 6ome of which play important parts in 
plant metabolism. 

The Proteins.—All proteins contain carbon (50-54 per cent), hydrogen 
(about 7 per cent), nitrogen (16-18 per cent), and oxygen (20-25 per 
cent). Although some animal proteins do not contain sulfur, this element 
is apparently present in all plant proteins. The percentage of sulfur in 
protein molecules never exceeds 2 per cent, however. Phosphorus is also a 
constituent of certain important types of plant proteins. 

The percentage composition of proteins gives no idea of the structure of 
protein molecules nor of their tremendous size relative to that of most 
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molecules. Even the smallest protein molecules have molecular weights of 
about 17,600, whereas the more complex proteins have molecular weights 
of many millions. Determinations made by the ultracentrifuge method 
indicate that proteins may be classified, on the basis of their molecular 
weights, into certain groups or classes. One group appears to have mo¬ 
lecular weights of about 17,600, a second group, 2 X 17,600 or 35,200, a 
third, 4 X 17,600 or 70,400, a fourth, 6 X 17,600 or 105,600, etc. (Svedberg 
and Pederson, 1940). 

Results obtained when molecular weights of proteins were determined 
by chemical analysis also suggest a grouping of proteins into certain 
classes. Bergmann and Niemann (1938) concluded that protein molecules 
are made up of 288, or some multiple thereof, simpler units, the amino 
acid residues. Proteins fall into groups according to the number of basic 
units making up the molecule rather than according to their molecular 
weights. This concept of protein structure is not inconsistent, however, 
with the theory of weight classes mentioned above. 

Although the assumption that protein molecules have molecular weights 
which fall naturally into certain groups has met with wide acceptance, it 
has also received serious criticism (Bull, 1941). All of the evidence in¬ 
dicates, however, that the molecular weights of proteins are very high 
and that they are distributed over a wide range of values. 

The relatively enormous size of protein molecules should not be taken 
a 3 an indication that they are aggregations of atoms and atomic groups 
without definite structural organization. The evidence from X-ray studies, 
as well as that from many other lines of work, points to a high degree of 
structural individuality in protein molecules. Each kind of protein mole¬ 
cule is built upon an architectural pattern in which every atom is essential 
for the completion of its structure. The many remarkable properties of 
proteins owe their existence to the presence of these definite structural 
patterns within their molecules. 

Although some proteins can exist in true solution or in the form of 
crystals, most of them occur in living organisms in the colloidal state. 
The individual molecules of some proteins are so large as to bring them 
within the size range of colloidal micelles. The colloidal micelles of other 
protein sols are probably aggregates of a number of molecules. The sig¬ 
nificant point, however, is not whether the micelles are composed of one 
molecule or many, but that they are micelles. Protein sols are hydro¬ 
philic, and many of them form gels under suitable conditions. They also 

possess amphoteric properties (Chap. III). 

Most of our knowledge of the structure ol protein molecules has been 
gained by studying their hydrolytic products. Proteins can be hydrolyzed 
by treating them with acids, alkalies, or suitable enzymes. The end prod- 
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uct of the complete hydrolysis of any protein is always a mixture of amino 
acids. During the course of protein hydrolysis a number of types of com¬ 
pounds are formed which are intermediate in complexity between the 
proteins and the amino acids: 

Proteins >■ Proteoses Peptones —►- Polypeptides 

—►- Dipeptides —>■ Amino Acids 

It seems virtually certain, therefore, that amino acids are the structural 
units from which the proteins and intermediate products of protein hy¬ 
drolysis are synthesized in living cells. A consideration of the chemical 
nature and synthesis of the amino acids is therefore necessary before dis¬ 
cussing the proteins further. 

The Amino Acids.—Amino acids are, as the name suggests, compounds 
with the properties of both acids and amines. Every amino acid contains 
at least one carboxyl (—COOH) group and one or more amino (—NH.) 
groups. The simplest amino acid is glycine. Glycine may he considered as 
acetic acid in which one of the hydrogen atoms of the methyl group lias 
been replaced by an amino group: 

CHaCOOH CHjCOOH 

Acetic arid 

NH, 

Glycine 


In naturally occurring amino acids the amino group, or one amino group 
if several occur in the molecule, is always attached to the a carbon 
atom, which is the one next to the —COOH group. About twenty amino 
acids are definitely known to be constituents of protein molecules, and a 
number of others are believed to be, by at least some investigators. Still 
other amino acids probably remain to be discovered. The names and 
chemical formulas of the better known amino acids are listed in Table 38. 
All of the amino acids listed in this table are known to be constituents 

of plant proteins. . 

It should be noted that, although proline is a product of protein hy¬ 
drolysis and is usually classed as an amino acid, it contains only an Nil 


group and no NII, group. 

Absorption of Nitrogen Compounds from the Soil— No reliable evidence 
has been obtained that higher green plants can utilize directly the gaseous 
nitrogen of the atmosphere in the synthesis of nitrogen-containing organic 
compounds. Nitrogenous compounds absorbed from the soil serve as tin- 
sole source of nitrogen for all rooted green plants. Such plants can uti ,zc 
four kinds of compounds as sources of nitrogen: (1) nitrates, (2) nitrites, 
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(3) ammonium salts, and (4) organic nitrogen compounds. The mecha¬ 
nism of the absorption of ionic forms of nitrogen is believed to be essen¬ 
tially similar to that involved in the intake of other ions (Chap. XXIV). 
Nitrates apparently can be absorbed by many kinds of plant cells against 
a concentration gradient. 

Many plants absorb most of their nitrogen in the form of nitrates. Nor¬ 
mally metabolizing plants usually contain only relatively small quantities 
of nitrate, because the nitrogen of nitrate ions is reduced to other forms 
almost as rapidly as it enters the plant. Under certain conditions, how¬ 
ever, plants accumulate relatively large quantities of nitrates in their 


TABLE 38-THE PRINCIPAL AMINO ACIDS 


Glycine. 

Alanine.. 

Serine. 

Threonine. ... 

Valine. 

Leucine. 

Isoleucine. 

Aspartic acid. . 
Glutamic Acid 

Arginine. 

Lysine. 

Cystine. 


Methionine. , 

Phenylalanine 

Tyrosine. 

Histidine. . .. 


Tryptophane 


Proline 


CH,(NH,) • COOH 
CHj • CH(NH») • COOH 
CHjOH • CH(NH,) • COOH 
CH,-CH(OH)CH(NH,) • COOH 
(CH,) ,-CH-CH(NHi) • COOH 
(CH,), • CH • CH, • CH(NH,) • COOH 
CH, v 

>CH-CH(NH,)COOH 

C,H/ 


HOOC • CH, • CH(NH,) • COOH 

HOOC • CH, • CH, • CH(NH,) ■ COOH 

HN=C(NH,) • NH • CH,- CH,• CH,- CH(NH,) • COOH 

CH,(NH,) • CH, • CH,-CH,-CH(NH,) • COOH 

SCH,CH(NH,)COOH 


i 


CH, • CH (NH,) • COOH 
/S-CH, 

CH,< 

X CH, • CH(NH 0 • COOH 
C*H* • CH, • CH(NH,) • COOH 
HO • C4H4- CH,CH(NH,) • COOH 
HC—C • CH, • CH(NH,) • COOH 

N I'JH 


^C^ 

H 


^ CH \ 

HC C 


Hi l 

x ch/ ^nh/ 


C • CH, • CH (NH,) • COOH 

J!h 


H,C 


CH, 


H,i CH- 


COOH 


\v,/ 
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tissues without any toxic effects. Subsequently such accumulated nitrates 
may be utilized in the nitrogen metabolism of the plant. Plants sometimes 
exhibit acute symptoms of nitrogen deficiency while they still contain con¬ 
siderable quantities of nitrates. Although such plants have been able to 
absorb nitrates, metabolic conditions within the plant have been such that 
they have been unable to utilize them in the formation of nitrogenous 


organic compounds. . 

As shown in the next section the first step in the utilization of nitrates 

by plants is their reduction to nitrites. It seems probable, therefore, that 
plants can utilize nitrites as a source of nitrogen, and this supposition has 
been confirmed by solution culture experiments. However, nitrites are 
rarely if ever an important source of nitrogen for plants in nature. 

Many species of plants, when grown in sand or solution cultures under 
suitable conditions, develop as well or better when supplied with ammo¬ 
nium salts as when supplied with nitrates. This is not surprising since the 
nitrogen in ammonium compounds is in a highly reduced form similar to 
that found in amino acids and related compounds. In certain types of 
soils it is probable that ammonium compounds are the chief form in which 
nitrogen is available to plants. This is apparently true of the acid podsolic 
soils of northern latitudes and of many uncultivated soils in the southern 
United States. Such soils contain little nitrate, but considerable quantities 
of ammonium compounds and plants growing in them apparently obtain 
their nitrogen in the latter form. Unlike nitrate ions, plants seldom accu 

mulate appreciable concentrations of ammonium ions. 

Even when ammonium fertilizers are applied to agricultural soils much 
if not most, of the absorption of nitrogen by plants occurs in the form of 
nitrates. In such soils nitrification (see later) often occurs ve^ effec¬ 
tively resulting in rapid conversion of ammonium compounds to nitrates. 

As a result of the decay of organic remains there are present in most 
soils at least small quantities of amino acids and other organic 
compounds. There is considerable evidence that plants can absorb and 

utilize such compounds in the synthesis of proteins. ^ nd " “"‘7°'; ‘ nt3 

a considerable proportion of the nitrogen used may be absorbed by plan 

" Reduction of Nitmtes'.Tpiant Tissues.^Since in nitrates the nitrogen is 
in a highly oxidized state (-NO.) while in amino acids and other or- 

„„„-w-. *»” lh ‘ ZSVSZX 5 «*.. 

r. d ;r - - ~~ 

There”!" considerable evidence for the existence of two pnncip^ mech- 
anisms of nitrate reduction. One appears to operate principally in roots 
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or other non-green organs, the energy required in the reduction process 
being supplied by the aerobic respiration of carbohydrates. Nitrites ap¬ 
pear to be an intermediate stage in such reductions of nitrates. The latter 
are further reduced to Nils. perhaps through intermediate steps of hy- 
ponitrous acid and hydroxylamine (Chibnall, 1939). The NH 3 is ulti¬ 
mately incorporated into the molecules of amino acids or related kinds of 
molecules. 

In leaves, especially when young, nitrate reduction appears to be 
accomplished by a light activated mechanism. Experimental studies by 
Burstrom (1943; 1945) of the reduction of nitrate in the leaves of young 
wheat plants indicate that the process is closely linked with the simul¬ 
taneous reduction of CO- in the process of photosynthesis and that light 
is the source of energy. No reduction of nitrates was found to take place 
in wheat leaves in the dark, even when conditions appeared to be favor¬ 
able for the process. It seems probable that nitrate is reduced in the leaves 
to some transitory compound which combines with an intermediate prod¬ 
uct of photosynthesis, resulting in the formation of amino acids or related 
organic nitrogenous compounds. Respiratory energy is not utilized in this 
mechanism of nitrate reduction. 

Eckerson (1924) followed some of the steps in the reduction of nitrates 
in the tomato plant by microchemical tests. Rapidly growing tomato 
plants were transplanted from soil to quartz sand when about 8 in. tall. 
The plants were watered with a solution lacking nitrogen compounds 
until the tissues showed no tests for nitrates, nitrites, ammonia, and 
amino acids, although they still contained an abundance of carbohydrates. 
Calcium nitrate was then added to the sand. The nitrate ions were rapidly 
absorbed and could be detected in all parts of the plant within 24 hr. In 
30 hr. nitrites were present in considerable amounts at the tips of the 
stems and in certain other tissues. Traces of ammonia could also be de¬ 
tected. By the end of 48 hr. the quantity of nitrite had decreased, the 
amount of ammonium ion in the plants had increased, and a small quan¬ 
tity of asparagine was also found to be present. Three to five days after 
the addition of the nitrate to the sand around the roots amino acids were 
present in abundance in the plant tissues and they continued to increase 
in quantity for three weeks. During the synthesis of these amino acids 
the carbohydrate content of the cells decreased. 

Temperature exerts a marked effect on the nitrate reducing capacity of 
plants. In the tomato plant, for example, although nitrates are quickly 
absorbed, their reduction and the synthesis of organic nitrogen compounds 
occur very slowly at 13°C. At 21 °C., on the other hand, both absorption 
and reduction of nitrate ions occur very rapidly (Nightingale, 1933). 

Synthesis of Amino Acids. —Reference to their chemical formulas (Table 
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38) shows that amino acid molecules contain considerably more carbon 
and hydrogen than nitrogen. On the average about 85 per cent of the 
weight of amino acid molecules represents nonnitrogenous components, 
chiefly carbon, hydrogen, and oxygen. It is evident, therefore, that amino 
acid synthesis cannot occur without an adequate supply of carbon com¬ 
pounds in addition to a source of nitrogen in suitable chemical combina¬ 
tion. This process is also closely related to the process of reduction of 

nitrates just discussed. 

Glutamic acid is an amino acid which appears to play a key role in 
the nitrogen metabolism of both plants and animals. When, for example, 
tomato plants were supplied with (NH 4 ),S0 4 containing the N 15 isotope, 
much larger amounts of the heavy nitrogen were found within 12 hr. in 
glutamic acid than in any of the other amino acids (McVickar and Burns 
1948). This indicates the occurrence of either a rapid rate of synthesis o 
this amino acid, a rapid rate of exchange of ammonia between it and 

other compounds, or of both these processes. 

Glutamic acid is probably synthesized in plant cells by a reaction 
between ammonia, often originating from the reduction of nitrates and 
a-ketoglutaric acid, originating in the tricarboxylic cycle (Pig. 114), as 

follows: 


COOH 

<u 

CH 2 + NHj + DPN-Hj 

I 

CH 2 

I 

COOH 

a-ketofcluturic acid 


COOH 

I 

CHNIIo 

CH 2 + H 2 0 + DPN 
CII 2 

I 

COOH 

glutamic ucid 


This reaction is catalyzed by the enzyme glutamic dehydrogenase with 
diphosphopyridine nucleotide (DPN) as the coenzymc. This enzyme is 
widely and probably universally present in plants. Although details o 
this reaction have been worked out only in animal tissues (von Eu er 
et al., 1938), there is little doubt that this reaction also occurs in plant 


tissues. . . , 

This reaction is of the type known as a reductive amination. As sub¬ 
sequent discussion shows, this reaction may represent the principal route 
of entry of ammonia into amino acids. It is also considered likely that 
aspartic acid may arise from oxalacetic acid, and alanine from pyruvic 
acid by analogous reactions, but actual evidence for the synthesis of these 
amino acids by reductive amination is not very strong. A close interrela¬ 
tion exists between the synthesis of certain amino acids, organic acid 
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metabolism, and the process of aerobic respiration. The conversion of 
a-ketoglutaric acid to glutamic acid and other analogous reactions which 
may occur can be considered as side reactions of the tricarboxylic cycle. 

There is considerable evidence that some of the amino acids may arise 
as a result of transamination reactions in which amino groups are trans¬ 
ferred from one kind of a molecule to another. The following example of 
such a reaction has been shown to proceed very rapidly in oat seedlings 
(Albaum and Cohen, 19*3): 


COOH 

COOH 

1 

COOH 

1 

COOH 

| 

chnii 2 

1 

1 

0=0 transaminase 

1 7--* 

0=0 

1 

chnh 2 

| 

ch 2 

-o- 

X 

/ 

CH 2 + 

ch 2 

1 

1 

ch 2 

COOH 

1 

ch 2 

1 

COOH 

1 

COOH 

glutamic 

acid 

oxalacetie 

acid 

COOH 

cr-ketoglut&rio 

acid 

aspartio 

acid 


Reactions of this kind are catalyzed by an enzyme of the type called a 
transaminase (Table 18). Such enzymes are widely distributed in higher 
plants. The coenzyme or prosthetic group of at least some of the trans¬ 
aminases is pyridoxyl phosphate, a derivative of pyridoxine, one of the 
B group of vitamins (Chap. XXVIII). There is evidence that the amino 
acids alanine, phenylalanine, valine, leucine, and aspartic acid are forme 
in plants as a result of transamination reactions. 

As discussed earlier, there is considerable evidence that nitrate reduc¬ 
tion and amino acid synthesis, as they occur in green leaves, may be 
closely interrelated with photosynthesis. Experiments by Benson and 
Calvin (1950) and others, in which green plants were allowed to absorb 
carbon dioxide containing radioactive carbon in the light, have shown 
that some of the radioactive carbon appears in alanine and other ammo 
acids after only very short periods of illumination. This is further evidence 
that a close interrelationship exists between photosynthesis and amino 
acid synthesis as it occurs in chlorophyllous organs. 

Some of the amino acids present in plant cells are often of secondary 
origin, resulting from chemical transformations of acid amides (see later) 
or other nitrogenous compounds, or from the hydrolysis of proteins. A 
number of protein-digesting enzymes have been found to be present in 
plant cells (Table 18). Such enzymes hydrolyze proteins or peptides to 
amino acids or to intermediate products of protein hydrolysis. Two of 
the best known of the plant proteases are papain, from the latex of the 


THE SYNTHESIS OF PROTEINS 


509 


tropical papaw (Carica "papaya ) and bromehn from fruit of the pineapple 
(.Ananas sativus ) and other members of the Bromeliaceae. The effective¬ 
ness of papain as a protein-digesting enzyme, in particular, has long been 
recognized. Natives of Central and South America, where the tropical 
papaw grows wild, have long known that its leaves have a digestive effect 
on meat. It is said that simply wrapping meat in crushed papaw leaves 
will increase its tenderness. Commercial preparations of papain are made 
from the latex of the papaw. 

Cystine, cysteine, and methionine are the sulfur-containing amino acids. 
Chemically cysteine is derived by splitting a cystine molecule (Table 38) 
into two identical halves, with the addition of one atom of hydrogen to 
each half. These amino acids undoubtedly play an important role in the 
sulfur metabolism of plants. Sulfur always occurs in amino acids and other 
plant sulfur-containing compounds in reduced forms. Plants obtain most 
of their sulfur in the form of sulfates absorbed from the soil, but very 
little is known of the chemical mechanism whereby sulfate ions are re¬ 
duced in plant tissues. . 

In some species of plants reduction of nitrates and amino acid synthesis 

appear to take place principally in the smaller roots, little if any occur¬ 
ring in the aerial organs of the plant. In other species reduction of nitrates 
and synthesis of amino acids appear to occur predominantly, although 
not entirely, in the leaves (Nightingale, 1937). Examples of plants be¬ 
longing to the first group are apple, asparagus, and narcissus; examples 
of species belonging to the second group include tobacco, tomato, and 
cucurbits. As the previous discussion has indicated, the metabolic path¬ 
ways followed by these fundamental processes are different in the two 

Synthesis of Proteins.—The theory that proteins are formed by the 
condensation of numerous amino acid molecules was first suggested >y 
Emil Fischer. He succeeded in linking together eighteen amino acid mole¬ 
cules (fifteen of glycine, three of leucine) and thus producing a synthetic 
polypeptide in which the amino acids were bound together by peptide 
linkages. A peptide linkage is one in which the amino group of one am.no 
acid molecule is united with the carboxyl group of another amino acid 
molecule, water being split off in the process. The simplest dipept.de is 
that formed by condensation of two molecules of glycine. 


J H 2 -COOH 

_ 

U f. 


CH*—COOH 
I 

CH*-C0—NH 

nh 2 


+H a O 



510 


NITROGEN METABOLISM 


The dipeptide resulting from the condensation of the two amino acid 
molecules possesses an amino group and a carboxyl group to which other 
amino acids can be linked. The addition of amino acid molecules by 
peptide linkages to either or both of these groups still leaves amino and 
carboxyl groups present in the resulting molecule. According to the 
generally accepted view polypeptides, peptones, proteoses, and finally 
proteins are formed by the condensation of more and more amino acid 
molecules in this way, at least several hundred being required for the 
building up of a single protein molecule. Although the net effect of pro¬ 
tein synthesis is that of a condensation of amino acids, the actual mech¬ 
anism of the process is probably more complex. There is some indirect 
evidence that a phosphorylation mechanism may be involved in the syn¬ 
thesis of proteins, as it is in many carbohydrate transformations. 

The arrangement of the amino acid residues in protein molecules is 
not entirely understood. It is clear, however, that protoplasmic proteins, 
in general, are long chain-like molecules. In some other proteins the chain 
of amino acid residues appears to be much folded giving rise to a compact, 
closely knit molecule. These latter are known as globular proteins because 
the molecules are believed to be roughly globular in shape. Both kinds of 
protein molecules are systems of polypeptide chains, the difference be¬ 
tween them depending largely upon the degree to which the chains of 
amino acid residues are folded. 

Every species of plant or animal produces characteristic and specific 
proteins which are not found in other species. Therefore a very large 
number of kinds of proteins must exist. It has generally been considered 
that the number of possible combinations of amino acids found in pro¬ 
teins is virtually innumerable. Random combinations of 19 different kinds 
of amino acid molecules in the formation of a polypeptide chain of only 
50 molecular units could take place in the inconceivably large number of 
10 ,H ways. There are good reasons for believing, however, that the struc¬ 
ture of protein molecules is governed by general principles which greatly 
limit the number of possible combinations of amino acids (Bergmann 
and Niemann, 1938). According to these workers all protein molecules 
are built upon a recurring pattern so that every amino acid in the poly¬ 
peptide chain recurs at constant intervals. For example, in silk fibroin 
(a protein), they find that every other amino acid residue is glycine, 
every fourth one is alanir.e, and every sixteenth one is tyrosine. This 
arrangement can be diagramed as follows, X representing other amino 
acid residues than those mentioned: 


G-A-G-X-G-A-G-T-G-A-G-X-G-A-G-X-G-A-G-X-G-A-G-T-G-A-G-X 
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A similar recurrence of amino acid residues in a periodic manner was 
found in the molecules of other proteins. The various kinds of proteins 
differ from each other in the kinds and frequencies of the constituent 

amino acids. 

X-ray analysis of silk fibroin, however, suggests that the periodic rep¬ 
etition of specific amino acid residues does not occur with the exactness 
and regularity described above (Astbury, 1943). It seems possible that 
protein molecules may contain definite proportions of specific amino acid 
residues without their occurring in a fixed and regular sequence. 

Although the theory that protein synthesis is accomplished by the suc¬ 
cessive union of amino acids is widely accepted, it is not the only possible 
explanation of protein synthesis. The fact that certain protein molecules 
can exactly duplicate themselves, time after time, in the environment of 
living cells, suggests that the molecular pattern of an existing protein may 
serve as a model or template against which other molecules of the same 
protein may be constructed. If one protein molecule serves as the.model 
upon which a second identical molecule is molded, it is possible that the 
units which are fitted together on the pattern are not solely amino acids 
but may include a wide variety of other atomic groupings (Steward and 


The intimate linkage of the mechanism of protein synthesis with other 
physiological activities of the cell is an important consideration in plant 
metabolism. Steward et al. (1940) have demonstrated experimentally that 
protein synthesis in aerated slices of potato is closely dependent upon the 
oxidative mechanisms of the cell. At times of rapid protein synthesis he 
respiration rate is also high. Low rates of protein synthesis are correlated 
with low rates of respiration. Similarly, growth is interrelated with both 
protein synthesis and respiration (Chap. XXIX). Growing cells always 
exhibit high rates of protein synthesis. Salt accumulation may also be 
correlated with protein synthesis since both are linked to respiratory en¬ 
ergy Protein synthesis, respiration, salt accumulation, growth, and othe 
cellular processes are interdependent both in the energy transformations 
that occur and in the organic molecules which participate in the reactions. 

The principal regions of protein synthesis in plants do not necessarily 
correspond to the principal regions of amino acid synthesis. In fact, a 
clear distinction should be made between these two processes. In some 
species of plants most amino acid synthesis occurs in the roots. In all 
plants most formation of proteins occurs in meristems or in storage tis¬ 
sues although some prorein synthesis ean probably occur in most cell* 
Amino acids and closely related compounds are commonly translocated 
from the tissues in which they originate to other, often distant, tissues 
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before being converted into proteins. Little or no translocation of proteins 
as such occurs in plants. 

In meristems protoplasmic proteins are constructed from amino acids. 
This is one phase of the process of assimilation (Chap. XXIX). In many 
seeds and some other organs storage proteins are constructed from amino 
acids. This is a phase of the process of accumulation. Most such proteins 
are subsequently digested to amino acids which, usually after transloca¬ 
tion to other tissues, are assimilated. Reutilization of assimilated proteins 
may also occur. In senescent leaves, for example, decomposition of proto¬ 
plasmic proteins may take place and some of the resulting organic nitrog¬ 
enous compounds, at least, may be translocated to meristems and there 
resynthesized into proteins. 

The Nucleoproteins.—Previous discussion (Chap. XVI) has indicated 
that the genes of the chromosomes exert their influence upon the metabolic 
processes of cells through their controlling effect on the synthesis of en¬ 
zymes. Although such a relation has long been postulated, it is only in 
comparatively recent years that experimental verification of this hypoth¬ 
esis has been forthcoming (Beadle, 1945). 

The primary role of the genes in charting the metabolic pattern of a 
cell has focused the attention of many investigators upon their chemical 
composition. Evidence from various sources has led to the conclusion that 
genes are composed of proteins of the type known as nucleoproteins 
(Beadle, 1946). It is even possible that a given gene may be a single 
nucleoprotein molecule. 

The nucleoproteins are molecules of relatively enormous size (some 
have molecular weights of many millions) in which a protein portion is 
linked to a nucleic acid. These latter compounds are themselves extremely 
complex. Upon hydrolysis they yield phosphoric acid, a pentose sugar, 
two purine bases, and two pyrimidine bases. Purine and pyrimidine bases 
are cyclical nitrogen-containing compounds. The only two purines known 
to occur naturally in nucleic acids are guanine and adenine. The pyrim¬ 
idine bases which have been found in nucleic acids are cytosine, thymine, 
uracil, and methylcytosine. A nucleic acid unit appears to consist of four 
pentose sugar residues to each of which is attached a different cyclic ni¬ 
trogen base and a molecule of phosphoric acid (Gulick, 1944). 

Nucleoproteins, in spite of the name, are not restricted to the nuclei of 
cells but are also present in the cytoplasm. The cytoplasmic nucleopro¬ 
teins are chemically different from those of the nucleus (Mirsky, 1943). 
Both the nucleio acid and the protein components of the two kinds of 
nucleoproteins are dissimilar. The sugar radical of the nucleic acids pres¬ 
ent in nuclei is the pentose, desoxyribose, while the sugar in the cyto¬ 
plasmic nucleoproteins is D-ribose, another pentose. The proteins of the 
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nuclear nucleoproteins are of the types known as histones and protamines, 
but the protein constituents of the cytoplasmic nucleoproteins have not 
been identified. The proportion of nucleic acid in each of the two kinds of 
nucleoproteins also appears to differ, being higher in the nuclear than in 

the cytoplasmic nucleoproteins. 



The recent discovery that the crystalline plant viruses are also nucleo¬ 
proteins has led to much speculation regarding a possible relationship be¬ 
tween viruses and genes. All of the crystalline viruses, hoover, ^vc b en 
shown to be nucleoproteins of the cytoplasmic type rather than of the 

""tvarioul^sik^in synthesis are indicated ^grammatically 

^ Other Compounds Ploying on Important Port in the Nitrogen Metabolism 
of Plants —1. Ammonia .—This compound is believed to play a central 10 k 
in the n trogen metabolism of plants, although it does not occur in the free 
state in P ant cells in more than traces. There are at least bree important 
souses of ammonia in the higher plants: (1) absorption from the soil in 
the form of ammonium ions, (2| formation within cells as a result of the 
reduction of nitrates, and (3) liberation within cells in the oxidation 

amino acids and related compounds. 
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Ammonium ions are readily absorbed from the soil and utilized in amino 
acid synthesis as long as the medium around the roots is well aerated and 
the supply of carbohydrates is adequate. If, on the other hand, the roots 
are inadequately supplied with oxygen, or if the tissues are low in carbo¬ 
hydrates, ammonia may accumulate in the cells and injury to the plant 
follows quickly (Amon 1937, Burkhart 1938). Under conditions of carbo¬ 
hydrate starvation, ammonium ions are neither absorbed nor utilized in 
the roots. The accumulation of ammonia in the tissues under these condi¬ 
tions appears to be the result of the breakdown of proteins and the amides, 
asparagine and glutamine, as described later. 

In spite of its prominent position in the reactions of nitrogen metab¬ 
olism, ammonia is definitely toxic to plants if present in any appreciable 
quantity. Large amounts are involved in the various phases of nitrogen 
metabolism, but only traces are ordinarily present in the uncombined state 
in plant cells. Apparently ammonia is usually metabolized so rapidly that 

it rarely accumulates in plant cells. 

2. Asparagine and Glutamine .—The compound resulting if one of the 
carboxyl groups of aspartic acid is replaced with an acid amide group is 
called asparagine. A similar substitution in the molecule of glutamic acid 
gives the compound glutamine, thus: 


COOH 
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COOH 
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chnh 2 

CHNH 2 
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COOH 
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COOH 
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The exact modes of synthesis of asparagine and glutamine are not 
known. Both of these compounds are commonly present in plant tissues, 
although one of them is often present in larger amounts than the other. 
In beets, tomato plants, potato tubers and rye grass, for example, more 
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glutamine accumulates than asparagine. On the other hand, asparagine 
predominates in many legume seedlings and in Sudan grass. Some species, 
such as com, synthesize appreciable amounts of both amides, when meta¬ 
bolic conditions are favorable for their formation, although asparagine 
is usually more abundant than glutamine (\ iets et al, 1946). 

The role of the amides in nitrogen metabolism has been extensively 
studied by many investigators (Robinson 1929, Murneek 1935, Chibnall 
1939, Mothes 1940, Vickery et al, 1946, Steward and Street, 1946) The 
appearance of asparagine and glutamine in plant tissues is closely linked 
with the presence of ammonia. The amides usually appear, for example 
whenever large amounts of ammonium ions are being absorbed by the root 
system (Clark 1936, Viets et al, 1946, Vickery et al, 1936). Asparagine 
and glutamine are also formed in young seedlings when the protein of the 
food storage tissues of the seed are being utilized in growth. At times of 
carbohydrate starvation, amino acids and related compounds may be 
oxidized in respiration, releasing ammonia within the cells. I nder such 
conditions the ammonia set free is rapidly used in amide svnthes^ thus 
obviating any toxic effect it would otherwise exert. If carbohydrate de¬ 
ficiency becomes very severe, asparagine and glutamine may also» e 
oxidized, resulting in the liberation of ammonia within the tissues. When 

this occurs the tissues are usually injured. 

It has long been assumed that the amides are important in nitrogen 

metabolism largely because, as a result of their synthesis, the accumula¬ 
tion of free ammonia in plant tissues is prevented. T lie correlation known 
to exist between amide formation and metabolic or environmental con¬ 
ditions which favor the accumulation of ammonia (rapid absorption of 
ammonium ions, carbohydrate starvation leading to the oxidation of 
amino acids, and hydrolysis of proteins) is undoubtedly a consequence 

of the utilization of ammonia in amide synthesis. 

Asparagine and especially glutamine, however, arc very reactive and 
highly mobile components of metabolic systems. Their role in nitrogen 
metabolism is certainly not confined to the preventing of injury from the 
accumulation of ammonia in plant tissues. These amides undoubtedly 
participate extensively in transamination, reductive animation and other 
reactions which arc important in the nitrogen metabolism of plants. 

Both of the amides are readily translocated in plant tissues, in fa<t 
asnaragine and glutamine are probably among the most important vc- 
hides ot nitrogen transport in the higher green plants. The nitrogen found 
in amide synthesis in root systems, for example, may be transported 
rapidly as amides to expanding leaves, stem tips, or other growing organs 
where the amino groups are released and utilized in amino acid and pro- 

tein synthesis. 
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Some plant species usually accumulate one of the amides in greater con¬ 
centrations than the other. This fact has led to the suggestion that aspar¬ 
agine and glutamine may have different roles in the nitrogen metabolism 
of such species (Vickery et al., 1946). It is entirely possible, for example, 
that in some plant species asparagine may be more important as a storage 
form of soluble nitrogen, whereas glutamine may play a greater role in 
amino acid and protein synthesis (Street et al., 1946). In other species 
asparagine may participate more actively in protein synthesis. 

3. Urea. —Urea( (NH 2 ) 2 'CO) occurs abundantly (as much as 11 per 
cent of the dry weight) in some fungi and is also present in small quanti¬ 
ties in certain seed plants (Klein and Taubock, 1930). Urea is one of the 
products formed when the amino acid arginine is hydrolyzed by the enzyme 
arginase (Table 18). Urea, like asparagine and glutamine, may also be 
one of the products of the oxidation of amino acids in tissues with a low 
carbohydrate content. Under the influence of the enzyme urease urea is 
hydrolyzed to ammonia and carbon dioxide (Table 18). Some investiga¬ 
tors believe that urea may serve as the starting point in the synthesis of 
some of the complex cyclic nitrogen compounds which appear to be pres¬ 
ent in some proteins but there is no actual evidence in favor of this view. 
The physiological role of urea in the seed plants is probably similar to 
that of asparagine and glutamine. 

4. The Alkaloids. —Alkaloids are complex cyclic compounds containing 
nitrogen that are synthesized only in certain species of plants. They are 
especially common in members of the Solanaceae, Papaveraceae, Legu- 
minosae, Ranunculaceae, Rubiaceae, and Apocynaceae. Species of plants 
which contain one alkaloid are very likely to contain others. More than 
twenty different alkaloids have been isolated from opium, which is the 
dried juice of the unripe fruits of certain species of poppies. 

Some of the better known alkaloids are nicotine from tobacco, quinine 
from the bark of the cinchona tree, morphine from poppy fruits, strych¬ 
nine and brucine from the seeds of Strychnos nuxvomica, atropine from 
the deadly nightshade ( Atropa belladonna) , and colchicine from meadow 
saffron ( Colchicum autumnale). Caffein from coffee and tea, and theo¬ 
bromine from the cocoa bean are also often classed with the alkaloids. 
The formula for nicotine, a representative alkaloid, gives some idea of the 
chemical nature of these substances: 


CH H 2 C-CH 2 



N 



ORIGIN OF NITROGENOUS COMPOUNDS IN SOILS 


517 


Most of the alkaloids are white solids, but nicotine is a liquid at or¬ 
dinary temperatures. They are all basic in reaction as the name indicates, 
and only slightly soluble in water. 

It is common for the alkaloids synthesized in a given plant species to 
accumulate in certain organs of a plant. About 85 per cent of the nicotine 
in a tobacco plant, for example, is located in the leaves. However, when a 
tobacco scion is grafted on the root system of a tomato plant, no nicotine 
is found in the leaves; when the reverse graft is made, the leaves of the 
tomato contain nicotine (Dawson, 1942). It appears, therefore, that the 
nicotine is synthesized in the roots whence it is translocated into the leaves 
and other aerial organs. Of especial interest is the fact that this upward 
translocation appears to occur in the xylem. The alkaloids in Atropa 
belladonna (Cromwell, 1943), and Datura stramonium (Peacock et aL, 
1944) also appear to be synthesized largely, if not entirely, in the roo s. 
Anabasine, however, another alkaloid of tobacco, appears to be synthe¬ 
sized in both the root and shoot (Dawson, 1944). The physiological role 
of the alkaloids in plants is unknown. Their restricted distribution indi¬ 
cates that they are not essential in any process of general importance. It 
is possible that many of them arc physiologically unimportant by-prod¬ 
ucts of the nitrogen metabolism of the species in which they arc oun 
Extensive studies of the role of nicotine in tobacco (Dawson, 194(>) sug¬ 
gest, however, that this alkaloid can be converted into other forms o! 
nitrogen which may play a useful role in the nitrogen metabolism of the 

P The Origin of Nitrogenous Compounds in the Soil.— The entire nitrogen 
supply of the higher plants is obtained from compounds in the soil that 
contain this element. Nitrogen compounds arc continually being lost fiom 
the soil by the leaching action of rains and by the removal of the plan 
cover through fire or other agencies. Targe quantities of nitrogen a,-e lost 
every year from cultivated soils as constituents of crops harvested there¬ 
from. The soils, however, show no equivalent depletion of their nitrogen 
supply- Since there is no nitrogen in the rocks from which the soils are 
derived it is obvious that the supply of nitrogenous compounds in the 
soil must constantly be replenished in some way. Maintenance of a supply 
of nitrogenous compounds in the soil is accomplished principally by the 
activities of certain soil organisms, the nitrogen-fixing bacteria. The proc¬ 
ess of nitrogen fixation and other important phenomena influencing the 
soil nitrogen supply will be briefly discussed in the following paragraphs. 

1. Nitrogen Fixation.— Two groups of bacteria are able to fix appreci¬ 
able quantities of atmospheric nitrogen in organic combination: (1) cer¬ 
tain saprophytic bacteria which obtain their energy from dead organic 
matter in the soil, and (2) symbiotic nitrogen-fixing bacteria which live 
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the roots of leguminous plants. Other bacteria and fungi and some blue- 
green algae also appear to be able to combine atmospheric nitrogen with 
organic compounds but the amount of the nitrogen fixed by these organ¬ 
isms is probably not very significant. 

Symbiotic nitrogen fixation is the result of the activities of species of 
Rhizobium which are rod-shaped bacteria that enter the roots of legumes 
by way of the root hairs and cause the formation of nodules on the young 

roots (Fig. 122). Each species of 
Rhizobium infects the roots of only 
certain leguminous species. These 
bacteria live inside the nodules and 
there synthesize organic nitrogen 
compounds from the carbohydrates 
of the host and gaseous nitrogen of 
the air. 

Most of the nitrogen fixed by the 
symbiotic bacteria in organic com¬ 
bination moves out of the nodules 
into the other tissues of the host 
plant where it is utilized in protein 
synthesis. Soybean plants, for ex¬ 
ample, are estimated to utilize 
about 90 per cent of the nitrogen 
fixed by the bacteria in the nodules 
on their roots. Under certain condi¬ 
tions some of the nitrogen-contain¬ 
ing compounds in the nodules may 
move out into the surrounding soil 
where they can be absorbed by 
other species of plants. The quan¬ 
tity of nitrogenous compounds lost 
by nodules into the soil ordinarily is small and appears to be determined 
by the relative rates of photosynthesis and nitrogen fixation (Wilson, 
1940). Loss of such compounds from the nodules into the soil apparently 
occurs only when photosynthesis in the legume is sufficient to induce a 
favorable rate of nitrogen fixation but insufficient to build up an excess 
of carbohydrate. When carbohydrates are present in amounts greater than 
necessary to insure favorable rates of nitrogen fixation, they combine 
with the nitrogen compounds released by the bacteria thus largely pre¬ 
venting loss of such compounds to the soil. Sloughing off and decay of 
root tissues of legumes is undoubtedly a more important source of nitro- 



Fig. 122. Nodules containing nitro¬ 
gen-fixing bacteria on roots of soy¬ 
bean. Photograph, courtesy of Dr. 
H. W. Batchelor. 
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gen compounds to the soil than outward diffusion of soluble nitrogen 

compounds from their living roots. . _- frnc/pn com _ 

Symbiotic nitrogen fixation is depressed if inorganic nitrogen com 

pounds are present in abundance in the soil around the roots of the legume 
nlants Nevertheless, even with an abundance of such compounds in the 
soil it is^not uncommon for the amount of nitrogen fixed by the bacteria 
in the nodules to exceed that absorbed from the soil. 

Nitrogen fixation by symbiotic bacteria is, '"^ 0^1 favored by the 
same factors that promote good vegetative growth of the host plants. Sur 
nrising quantities of atmospheric nitrogen may be combined into organic 
compounds by^hese bacteria. Under very favorable conditions a good crop 

of alfalfa may add as much as 400 pounds of nitre“oTobel U9 26 ) 
The average however, is much lower, being estimated by Giobel liwtl 

as roughly between 100 and 200 pounds per acre when common legui ■ 

** Although the^chemistry of nitrogen fixation has been the subject ofim 

tensive study in recent years, the details of the process are not .t fu ly 

understood. It seems probable, however, that ammonia isthe key mto 

mediate compound in nitrogen fixation ns it is in > 

acids and proteins in the higher plants (Wilson and Burn, : 

Most of the nitrogen fixation by saprophytic bacteria “ c ° oc . 

by two groups of organisms: 111 the Azolobacter group composed of coc 
uy iwu giuu|« „ . Clostridium croup which arc rod- 

cus-like aerobic organisms, and (2) • aerated soils 

shaped anaerobic bacteria. Both types are common in 'cl'- a ™tec so ^ 
The aerobic forms occur around the surface of the so I 

the anaerobic forms are found within aggregations of soil part^ 
c i\ wlurh the oxvecn content lias been (Kpic 

sxsrs —*.. 

< ‘Tt S Ts S conservatively estimated that the saprophytic nitrogen-fixing 

bacteria add, on the average, about 6 pounds of combined n.t rogen to each 

n o sod each year This is much less than the amount produced by the 
acre of soil each y t , , atter arc effective nitrogen fixers 

symbiotic roots 0 f legumes, while the former are generally 

on y w c i jj t j tota | amount of combined nitrogen added 

(WU8on? C 1940). Together they arc credited witli adding nearly 10 million 
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tons of nitrogen annually to the agricultural areas of the United States 
(Lipman and Conybeare, 1936). 

2. Ammonification .—In the process of decay the complex nitrogenous 
compounds present in dead plant and animal tissues are broken down into 
a number of simpler compounds, most of the nitrogen being released in 
(he form of ammonia. This process is termed ammonification and the 
bacteria involved are called ammonifying bacteria. Ammonification is not 
the result of the activities of a single group of bacteria but may be 
brought about by a large number of different microorganisms, including 
the actinomyces and filamentous fungi in addition to numerous groups 
of bacteria. Probably most of the bacteria commonly present in soils 
participate in the formation of ammonia from one kind of nitrogenous 
material or another. The amount of ammonia formed in the decay of 
nitrogenous materials is influenced by (1) the available carbohydrate 
supply, (2) the chemical composition of the nitrogenous materials, (3) 
the organisms involved, and (4) the acidity, aeration, and moisture con¬ 
tent of the soil. The ammonifying organisms utilize carbohydrates as a 
source of energy more readily than proteins so the amount of ammonia 
formed is markedly decreased when large amounts of carbohydrates are 
available. 

3. Nitrification .—The ammonia formed in the decomposition of pro¬ 
teins and other organic nitrogenous compounds may be acted upon by the 
nitrifying bacteria and transformed in two steps to nitrates. The first step 
is the oxidation of ammonia to nitrites. This is accomplished by organisms 
belonging to the two genera: A 'itrosomonas and Xitrosococcus. Neither of 
these organisms can oxidize the nitrite which they produce, but this com¬ 
pound is oxidized to nitrates by a different organism, Xitrobacter. All of 
these organisms differ from each other morphologically, but they are 
similar physiologically in that they use the energy obtained from the oxi¬ 
dation of ammonia or nitrites in the synthesis of carbohydrate compounds 
from carbon dioxide and water. All of these organisms are therefore chem- 
osynthetic in their metabolism (Chap. XVIII). The soil conditions favor¬ 
ing nitrification arc: (1) pH values on the alkaline side of neutrality, 
(2) the absence of large amounts of carbohydrates in the soil, and (3) 
good aeration. 

4. Denitrification .—A large number of organisms are capable of re¬ 
ducing nitrates to nitrites and ammonia. This occurs commonly in the 
tissues of the higher plants as we have seen earlier. Certain soil organisms, 
however, can reduce nitrates all the way to molecular nitrogen. These 
organisms arc known as denitrifying bacteria and include a number of 
species of which Bacterium denitrificans is probably the best known. 
Denitrification occurs only in the absence of atmospheric oxygen and most 
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effectively when an abundant supply of carbohydrates is present in the 

soil. It does not normally occur in well-cultivated soils. 

5 Rain as a Source of Nitrogen Compounds .—Small amounts of in¬ 
organic nitrogen compounds reach the soil from the atmosphere. Oxides 
are formed during electrical storms, and these are brought into the soil 
by the rain. Ammonia also escapes from various sources into the atmos¬ 
phere and may he returned to the soil in solution in raindrops. Measure¬ 



ments made at the Rothamstcd Experiment Station in 

five-year period showed that rain water broug ' < Roth- 

gen per acre per year. The amount of nitrogen added to eso,s ad R h 

Listed in this way approximately equaled losses of nitrogen 

1===SSH 

frequently referred to as the “nitrogen cycle (Fig. 123). 
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DISCUSSION QUESTIONS 

1. List the different kinds of chemical combination in which nitrogen is 
present in green plants. 

2. Why does not the continuous occupancy of an uncultivated area by native 
plants eventually exhaust all the nitrogen in the soil? 

3. Corn (maize) was planted on a field which was in alfalfa the preceding 
year. Trace the origin of the various kinds of nitrogenous compounds that would 
be available to the corn plants. 

4. List the important known inter-relationships between respiration and the 
nitrogen metabolism of green plants. 

5. How would you undertake to show experimentally whether or not green 
plants can use the nitrogen of the atmosphere? 

6. Why does the presence of abundant nitrates in the soil usually result in 
decreased nodule formation on the roots of legumes growing in that soil? 

7. Would nitrates or ammonium compounds be a more satisfactory source of 
nitrogen under conditions favoring their rapid absorption and slow utilization? 

8. Sometimes plants exhibiting symptoms of nitrogen deficiency are found to 
contain abundant nitrates upon analysis. What are possible explanations? 

9. Azaleas, blueberries, and some other species grow well only in acid soils. 
What kinds of nitrogenous compounds would you recommend for use on such 
plants if you wished such compounds to serve also a secondary role in helping 
maintain soil acidity? Explain. 

10. Organic nitrogen compounds, such as urea, can be absorbed through the 
leaves of some species of plants. What advantages would there be in supplying 
nitrogen to such plants as foliar sprays? 

11. At temperatures below about 15°C. and low light intensities, organic nitro¬ 
gen compounds leach out of the nodules of legume roots into the surrounding 
soil. When soil temperatures are above 15°C. and light intensities are high no 
such leaching occurs. Explain. 
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In most plants a large proportion of the living cells do no t con am 
chloroplasts. All such non-green cells arc dependent for essential carbo¬ 
hydrates upon the chlorophyllous cells of the plant Many of the "on- 
green cells are remote from the photosynthcsmng cells_ The cells m t 
root tips of trees, for example, arc sometimes hundreds of feet distan 
from the nearest leaves. They, as well as all other non-green cells m the 
body of a plant, are dependent for their existence upon the carbohydrate 
which move to them through intervening tissues from the chlorenchyma^ 
Such a movement of soluble carbohydrates is but one example of a number 

of kinds of solute transfer which occur in plants. 

Movement of organic and inorganic solutes from one part of the plar.t 
to another is designated as the translocation transport, or eendact.on 
of solutes. These terms are generally restricted to 'novc.ncnts of solat, 
in the tissues of the phloem and xylem m which the d,s ancc tluo g 
which they are transported is usually very great in properho^to tta •«c 
of the individual cells. They are not ordinarily used to refer to the c 
cell movement of solutes whicn may occur in any part of the plant. 

A t v of Phloem Tissues. —Of the various stem tissues only the xyleii 

and phloem possess such a structure as to suggest that a relatively rapid 
longitudinal movement of solutes can occur through them Both of these 
tissues are characterized by the presence of elongated cells and elements 
which are joined in such a way as to form essentially continuous ducts. 
Furthermore, it has been shown experimentally that the rate of move¬ 
ment of solutes through other stem tissues, such as the pith and cortex, 
is totally inadequate to account for known rates of translocation through 

Ste The structure of the xylem tissues has already been discussed in Chap. 
XII Discussion of the anatomy of the conductive tissues will now be 
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completed by a consideration of the structure of the phloem. Like the 
xylem, the phloem is continuous from the top to the bottom of the plant, 

the ultimate terminations of the phloem 
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Fig. 124. Cross section of a 
small portion of a tomato stem 
showing internal phloem. 


system being in the tissues of the stem 
tips or leaves and other lateral organs, 
and in the root tips. Although in most 
species solutes move for the greatest dis¬ 
tance through stems, it is important to 
realize that the conductive tissues of 
plants constitute a complicated but unit 
system which ramifies to all parts of the 
plant body. 

The general arrangement of the xylem 
and phloem tissues in representative 
types of stems has already been consid¬ 
ered (Fig. 49, Fig. 50). In the majority 
of dicot stems the phloem usually occurs 
as a continuous cylinder of tissues just 
external to the cambium layer. In a few 
species some strands of internal phloem 
are present inside of the xylem (Fig. 
124). In roots the primary phloem and 
xylem are present, as seen in cross sec¬ 
tion, in a radial arrangement, but the 
secondary conductive tissues are oriented 
in essentially the same pattern found in 
stems (Fig. 68). 

Five principal types of cells are found 
in the phloem: (1) sieve elements, (2) 
companion cells, (3) phloem fibers, (4) 
phloem parenchyma, and (5) phloem-ray 
cells. The proportions of these various 
types of cells present are different in 
every individual species and in some spe¬ 
cies not all are present. 

Sieve elements are of two main types. 
In most angiosperms sieve tubes are 
present, each consisting of a linear series 
of elongated, rather thick-walled cells 


joined together end to end (Fig. 125). The individual cells are called 
sieve-tube elements. Fine strands of cytoplasm pass from one sieve-tube 


element to the next through pores in the end walls. These pores are 
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grouped into definite areas called sieve plates. Sieve plates may also be 
present in the side walls of sieve tubes. When the end wall of a sieve- 
tube element is transverse, it usually has only a single sieve plate, but t ,f 
the end wall is oblique it commonly bears several sieve plates. In potato 
stolons the sieve-tube elements range up to 100 , in length; in cucurbits 
some of them attain lengths of 1000 |i, but in most species they are shorter 
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Sieve-tube elements usually develop by the longitudinal division of 
mother cells which have arisen as a result of the division of a cambium 
cell. The division of such mother cells results in a sieve-tube element and 
a companion cell (Fig. 125). Sometimes the mother cell may divide longi¬ 
tudinally more than once forming one sieve-tube element and two or 
more companion cells. 

Young sieve elements are nucleate cells and contain actively streaming 
cytoplasm. The cytoplasmic membranes exhibit their usual property of 
differential permeability. A network of cytoplasmic strands commonly 
extends across the vacuole. Plastids and slime-bodies are usually present. 
The latter are small, usually more or less rounded masses, probably com¬ 
posed of proteinaceous materials. After reaching mature size, a sieve ele¬ 
ment undergoes a series of changes which are unique among plant cells 
(Crafts, 1951). A sieve element apparently does not enter upon the main 
period of its functional life until it has passed through this series of 
changes. The nucleus disintegrates, as do also the plastids and slime- 
bodies. Cytoplasm becomes confined largely to a thin layer lining the wall, 
and streaming of the cytoplasm ceases. There is considerable evidence 
that the cytoplasm of such mature sieve elements, and particularly that 
of the end walls, is in a highly permeable condition. Its appearance sug¬ 
gests a state of low metabolic activity. Cytoplasmic connections from 
element to element remain well developed during these later stages in the 
development of the sieve element. 

The functional life of most sieve elements is relatively short. For proto¬ 
phloem elements it may be only a few days. In most woody species the 
cytoplasm disappears from most of the sieve elements by the end of 
the growing season in which they were formed. At about the time that the 
cytoplasm disintegrates the sieve plates become capped with plugs called 
callus composed of carbohydrate material. In a few woody species such 
as grape, rose, linden, and tulip tree, the cytoplasm of most sieve-tube 
elements does not disintegrate at the end of the first season. In such spe¬ 
cies temporary callus caps are deposited at the approach of the dormant 
season, which are dissolved at the advent of the next growing season. In 
such species sieve tubes may remain functional for two or even more 
years. 

The companion cells are much smaller in cross section than the sieve- 
tube elements. They may have the same length as the sieve-tube elements 
or they may be half or even less than half the length. The protoplasm of 
each companion cell contains a prominent nucleus, and numerous small 
vacuoles, but no starch grains. The walls separating the companion cell 
or cells from the sieve-tube element are characterized by the presence of 
numerous small pits, but the walls between the companion cells and the 
parenchyma cells contain few or no pits. In some species some sieve-tube 
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elements do not have companion cells adjacent to them, whereas in other 
species every sieve-tube element is accompanied by one or more com 
; P Z dll? Gymnosperms and pteridophytes do not have companion 

C %oem parenchyma is composed of living cells which are somewhat 
elongate parallel to the long axis of the stem. This -- doe not occur 
in monocots and is also absent from the phloem of some ,J"°J OTd _ 

?z,™z sax ztjxz 

Many of the phloem-parenchyma cells contain starch, and 

species they often contain crystals. cloncated cells 

Phloem fibers, found in the phloem of some plant , are elongated c 

with thick, usually lignified walls. They are “re in 

de h dd“ C or d " 'Z'yZ 

p tiissch. P Xu 

of most species. The vascular rays ar 1 ^ The distribution of the 

tend both into the xylem an( * | located in the phloem are 

phloem rays, as the portions o e va* ^ y ^ they consist G f band- 

called, varies greatly according P . Us vary i ng from one to many 

like bundles of transversely oriented l g * in hefght. Certain types 

'£**■»**■ °' “ d 

probably other organic compounds as well. principally 

Longitudinal Ice they’“oTare universally present and 

through the sieve elements since t£ J ance to movcm ent than other 

are constructed so that they Jg a distinct possibility that the 

types of phloem cells, eve e translocation proc- 

parenchyma and compan.on cells a^o play a P of , 8teraI eon- 

esses. The phloem-ray cells undoubtedly serv ^ conduction . 

dU f°a n 'Js h ult P oTcambia e rgr P owth there is a continued formation of new 
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xylem and phloem cells during part or all of the growing season. This 
results in most species in crushing the older phloem tissues, including the 
sieve tubes. Other changes which occur as phloem grows older include 
lignification of fibers and sometimes also ray and parenchyma cells and, 
in certain species, modification of ray and parenchyma cells into hard, 
thick-walled, dead cells known as stone cells. Development or enlargement 
of lactiferous systems is also unusual in the older phloem of some species. 
In woody stems and roots further profound modifications occur in the 
aging phloem tissues as the result of the activity of secondary meristems 
called cork cambiums. 

Developmental aspects of the phloem tissues are given further consider¬ 
ation in Chap. XXIX. 

General Aspects of the Translocation of Solutes in Plants. —From the time 
that a young plant starts to grow until its death, a more or less continuous 
movement of solutes is in progress through the conducting elements of 
every organ of the plant. In a very young seedling, foods are usually 
translocated upward in the growing stems and downward in the develop¬ 
ing roots from the storage tissues of the seed. As soon as the rate of 
photosynthesis in the developing seedling becomes sufficiently high, at 
least part of the photosynthate moves in a downward direction from the 
leaves toward the roots while some of it is often moving upward toward 
apical meristems. Furthermore, as soon as the developing roots make 
effective contact with the substrate, absorption of mineral salts begins, 
followed by translocation of a large part of them in a generally upward 
direction through the plant. At least some of the solutes absorbed from 
the soil, especially those containing nitrogen, phosphorus, or sulfur, often 
react within the root cells with organic compounds which have descended 
into the roots from the leaves. The resulting chemically more complex 
compounds, such as amino acids and acid amides, may then be translo¬ 
cated in the reverse direction from the roots into the aerial parts of the 
plant. 

Mineral salts absorbed by the roots are mostly translocated to young 
leaves and other growing organs of the plant. All of them do not remain, 
however, in the organ into which they are first translocated. A consider¬ 
able proportion of the mineral salts which move into a leaf or a flower 
petal, for example, may sooner or later move out of such a lateral organ 
back into the stem, and become redistributed to other, usually younger 
parts of the plant. 

The translocation patterns within a plant often exert significant effects 
upon its behavior. At the time that young fruits and seeds are develop¬ 
ing, for example, there appears to be a general migration of organic mate¬ 
rials from all parts of the plant toward the enlarging fruits and seeds. 
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This movement may so nearly monopolize the food resources of the plant 
as to check severely the growth of vegetative organs. In cotton plants, 
for example, there is a conspicuous decrease in vegetative growth when 
the plant is fruiting heavily. A large part of the carbohydrate synthesized 
in photosynthesis and of the nitrogenous compounds in the above groun 
organs of the plant moves into the enlarging fruits. The supply of carbo¬ 
hydrates reaching the root system becomes insufficient to maintain rapid 
respiration Snd root elongation. As a result there is a decrease in the rate 
of absorption of mineral salts, which in turn results in checking or even 
stopping the vegetative growth of the plant (Eaton and Joham 1944K 
As the preceding discussion indicates, the patterns of tran loca on m 
plants are complex and may be different at different stages >" the life his¬ 
tory of the plant. Many kinds of solutes are being translocated ' ™s 
directions within the plant. Nevertheless certain predominant transloca 
tion routes can be recognized as follows: ( 1 ) downward translocation of 

organic solutes from leaves to other parts of the plant, (2) u P" ard 
location of organic solutes to growing or storage regions, (31 upwa d 
translocation of mineral salts from roots to aerial organs, ^ outward 
translocation of mineral salts from leaves and other lateral organs 
stems, (5) lateral or cross transfer of solutes within stems . 

Downward Translocation of Organic Solutes.— Downward Tans > 

of organic compounds unquestionably occurs or ic mos so lutes 

the phloem tissues. Much of the evidence indicating hat r . solute 
move toward the basal portions of the plant in the phl-em has been 

tained by ringing experiments. “Ringing, v . icn it C uous band 

without qualification, refers to the removal of a narrow continuous ban 

of tissues external to the xylem. Since ringing en ire y en opera _ 

all tissues external to the xylem are completely intercepted. This opera 

ti Tn i rS.:d 11 Ire:tl n hydrates and other organic compounds slowly 

accumulate in the tissues above the ring and slowly decrease in quantity 

in the tissues below the ring as they arc utilized in respiration and ] 

lation Unless special conditions intervene, such, for example, as dev P 

ment of sprouts on the tree trunk below the ring, a girdled tree ultimately 

dies because of starvation of the roots, showing clearly that no appreciable 
dies because o. s ^ dowr)ward through the xylem. Accumula- 

Ph Chemfca 8 r e analyses show that cells of the phloem are relatively rich in 
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carbohydrates and organic nitrogenous compounds. This finding is con¬ 
sistent with the concept that translocation of organic compounds occurs 
through the phloem but is not proof, since storage tissues also contain 

relatively high concentrations of foods. 

It has been shown earlier (Chap. XII) that the upward movement of 
water takes place in the xylem. For this reason it is difficult to conceive of 
the xylem as an important avenue of downward translocation of organic 
substances. Dyes injected into stems at times of rapid water movement 
usually move both upward and downward—sometimes to approximately 
equal distances. Such results have sometimes been cited as evidence of 
downward currents in the xylem. Downward movements of injected dyes 
probably result, however, from the effects of tension or from a subatmos- 
pheric pressure in vessels occupied only by gases (Chap. XII). They can¬ 
not be accepted as valid evidence that downward movements of solutes 
ordinarily occur in the xylem of intact stems. 

Further evidence that the phloem is the tissue in which organic com¬ 
pounds are translocated has come from experiments in which short seg¬ 
ments of the stem have been killed. Since the conducting elements of the 
xylem are nonliving, the passage of solutes through the xylem is not pre¬ 
vented by the death of the cells in the stem. The conducting elements of 
the phloem, on the other hand, are living, hence any phase of transloca¬ 
tion which is interrupted by killing the cells in a stem segment can be 
assumed to be occurring in the phloem. Rabideau and Burr (1945) labeled 
the carbohydrate formed in bean plants by allowing one leaf on the plant 
to photosynthesize in an atmosphere containing carbon dioxide made 
with the identifiable C 13 isotope (Chap. XVIII). They then showed that 
movement of carbohydrates occurred readily in the stem, both upward and 
downward, from the node at which the leaf petiole was attached. If short 
segments of the stem above and below the node at which the petiole was 
attached were killed by treatment with hot wax, however, no upward or 
downward movement of carbohydrates occurred. Phosphates, containing 
radioactive phosphorus (P 32 ), however, were readily conducted through 
such killed stem segments, indicating that their translocation occurred 
through the xylem (c/. later discussion of upward translocation of mineral 
salts.) Bonner (1944) and Went (1944) obtained similar results in investi¬ 
gations of the translocation of organic compounds through tomato stems, 
short segments of which had been killed with superheated steam. 

Upward Translocation of Organic Solutes.— Under many conditions an 
upward 1 translocation of organic solutes takes place in plants. This oc- 

i The terms “upward” and “downward” as applied to translocation phenomena 
should not be interpreted too literally. As a rule translocation in the general direc¬ 
tion of roots to leaves or other apical regions is termed '“upward translocation”; 
movement in the reverse direction, “downward translocation.” 
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( r^nlp in the stems of woody species when the buds resume 

used in the growth of the shoot wh,ch developing leaves situ- 

of foods from the older leaves on a B>' ^ ^ )caves mature tliere 

ated eloser to its apex also pro a> > ^ of carbo hydrates; they are 

leaves Into the stems In which they move to 

°r»= ol other 'exam pies of the r = d transport of f foods in pUnts 

can be cited. Opening flowers an e organic compounds trans¬ 

stems in such a position that some or all ofdirection. In the 

located into them move through t e s ( ins ‘ translocation occurs 

early stages of the development of^ ^ ^ 
from the endosperm or cotyledo ‘ , ge , var(1 transport of foods 

in which rapid growth is taking p ■ ' s h 00 t growth from hulbs, 

invariably occurs during the earlier ^ages of shoot g.o' 
tubers, rhizomes, and other types o um eig . plants takes place 

The “classical” view that salts and organic 

in the xylem was long ocicpt 1 f >t that upward transport of 

compounds as well as to wa ■ thc xylcm i s based largely on 

carbohydrates occurs pnncipa y t «iin woody species. Large 

phenomena which have been o / arc present in the wood 

quantities of soluble and mso u C ^younger stems) pith cells of many 
Parenchyma wood seasons soluble carbohydrates are 

varieties of trees and shrubs. A unrated by data of Anderssen 

also found in the xylem con m s t he concentrations of both 

(1929, Fig. 126). As found by this m '<-. k ■ j , hexoses) in the 

sucrose and free reducing su s a. thc win tcr an d early spring. Both 
xylem sap of pear trees were g • an(1 increased slowly dur- 

fell to a zero value during the sumn condu ^ ting dements undoubtedly 

ing the autumn. r l he sugars fou or lem T j ie relatively high 

rS " of ^relatively low temperatures pre¬ 
vailing during these seasons (Chajr j j ] c car bohydrate content of 

The fact that, in the eaHy spn g the so^ ^ ^ ^ ^ 

- £ --—“ t,iat 8 ° lublc 
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tiG. 126 Seasonal variations in the carbohydrate content of the xylem sap of 

pear trees. Data of Anderssen (1929). 

carbohydrates have been conducted upward through the xylem to the 
developing buds. Although this assumption appears to be superficially 
plausible, there are good reasons for doubting if this phenomenon actually 
is very strong evidence that upward translocation of organic solutes occurs 
in the xylem. In the first place the concentration of organic solutes in the 
xylem sap is always very low, seldom exceeding 2 or 3 per cent. Further¬ 
more, the highest concentrations of sugar occur in the sap during the 
winter when there is little or no upward translocation of water, and it is 
not at all certain that these solutes do not largely disappear from the 
xylem sap in the spring before its upward flow begins to take place at an 
appreciable rate. 

Investigations by Curtis, summarized in 1935, point to a conclusion 
regarding the upward transport of organic solutes which is directly the 
opposite of the long accepted view. His experiments all seem to indicate 
that it is the phloem and not the xylem which is the principal tissue 
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through which such translocation occurs. In one investigation the con¬ 
trasting effects of intercepting the xylem and intercepting the phloem o 
woody stems upon upward transport of organic solutes were studied (Cur¬ 
tis, 1925). In these experiments a number of growing shoots were first 
defoliated. Some received no further treatment, thus serving as checks. In 
others (Fig 127) a ring of the tissues external to the xylem was removed, 
and in still others a segment of the xylem was excised, leaving the phloem 
and cortical tissues intact. Every stem which was cut into was enclosed 
in a glass cylinder as shown in the figure. This cy lind er was fiUed w^h 
water in order to keep the exposed tissue surfaces moist and in o«iert 
supply water to the top of the stems in which the xylem was cut. 
outcome of experiments in which the water jacket was nnsed out once 



Fig. 127. 
removed, 


, okmu (A \ Htcin with phloem removed, (B) 
cuTportion of each stem being enclosed m a water 

cctional view of (B). Redrawn from Curtis (1935). 


with xylem 
jacket, (C) 
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each day with distilled water was essentially the same as in those experi¬ 
ments in which this was not done, indicating that translocation of solutes 
did not occur through the water. 

The results of some of these experiments are presented in Table 39. In¬ 
variably the stems in which the xylem was cut showed greater elongation 
than those in which the phloem was cut, indicating greater upward trans¬ 
location' of foods in the former than in the latter. 

Shoot elongation is a somewhat indirect measure of translocation, but 
the conclusions drawn from such observations were supported in a number 


TABLE 39 —COMPARATIVE EFFECTS OF CUTTING THE XYLEM OR PHLOEM ON GROWTH, DRY 
WEIGHT, AND SUGAR CONTENT OF DEFOLIATED SHOOTS (DATA OF CURTIS, I925) 




A vc. 

Dry 

weight. 

Total 

Sugar, 

Sugar, 

Specie s 

Treat¬ 

total 

sugar 

per cent 

per cent 

ment 

growth, 

mm. 

per cent 

0 1 fresh 
growth 

per stem, , 
mg. 

fresh 

weight 

dry 

weight 


Check 

63.6 

0 

• 

00 

3 ° 8 ! 

O. 12 

1.12 

Mock Orange 

Phloem 





(Philadelphia pubtscens) 

cut 

7.8 

9 ° 

0.08 

O.03 

o -35 

June 13-Junc 19 

Xylem 







cut 

49.2 

10.8 

5 - 3 * | 

0.22 

2.03 


Check 

*05.3 

130 

2 . IO 

0.094 

0.72 

Mock Orange 

Phloem 






(Philadelphia pubescent) 

cut 

19.7 

9-4 

1 63 

0.087 

0 93 

June 25-July 1 

Xylem 





2.08 


cut 

47-4 

11.8 

4-83 

0.231 


Check 

63.0 

22.3 

■n■ 

o -33 

1.48 

Sumac (Rhus typhina) 
June 26-July I 

Phloem 

cut 

Xylem 

15.8 

17.2 

3°5 

0.67 

3 89 


cut 

49-5 

20. 5 

3 - 9 ° 

0.42 

2.05 


of experiments by dry weight determinations and analyses for sugar. As 
shown in Table 39, the dry weight and total sugar content per stem were 
invariably least in the ringed stems. This was also true for the percentage 
of sugar in terms of fresh weight or dry weight. 

The experiments of Rabideau and Burr (1945), previously discussed, 
and of Chen (1951), discussed later, supply further evidence that upward 
translocation of organic solutes occurs in the phloem. 

In general the evidence seems to warrant the conclusion that the phloem 
is the principal tissue in which upward translocation of organic solutes 
occurs, although it seems probable that small quantities of such com- 
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pounds are, on occasion, translocated in an upward direction through the 

^Upward Translocation of Mineral Salts.-The term “mineral salts” is 
necessarily employed in this discussion somewhat loosely. For present 
purposes, nitrogen, which may be translocated upward in either inorganic 
or organic combination (Chap. XXVI) is included among mineral salts. 
Upward translocation of sulfur and phosphorus also probably occurs in 

both organic and inorganic combination. , 

For many years it was universally agreed that upward translocation of 

mineral salts occurred through the xylem, although it now appears that 

the situation is not quite this simple. 

Studies of the sap from xylem vessels show that it usua y 
least traces of both organic and inorganic solutes. In proportion to the 
total quantities utilizer!, however, the concentration of ™ 

stituents in the xylem sap is usually relatively higher than ^at °f orgamc 
solutes. Furthermore, appreciable concentrations of mineral salts are com 
monly present in the sap of vessels at seasons when upward flow of water 

is occurring at its most rapid rates. At such times t ' e x y em ® mineral 
little or no organic material in solution. Presence of dissolved min 
salts at such seasons is presumptive evidence that at least some of them 

arc translocated upward in the plant through the x> cm ‘ . t i 

Clements and Engard (1938,. Phillis and Mason <\ 940 ), and otliers 

have shown that ringing stems of various species does no pri 
movement of mineral salts through the plant. Results of such experiments 

show that upward translocation of mineral salt* can occur in 
Curtis (see Curtis and Clark, 1950, employed the 
cepting the xylem versus intercepting the phloem ^ .. . . stems Q t 

to ascertain whether mineral salts moved into growing, e ® quantity 

sumac through the xylem or through the phloem. Ildatl ^° o ^ f q ^qe ral 
which moved through check stems, a much larger propo stems in 

salts or nitrogenous compounds was translocate ] rou ^ . phloem 
which the xylem was intercepted than through those in "■ i ts can 

was intercepted. Movement of mineral salts into sue 1 w0 ° ncr f or ined 

theref occur in the phloem. Somewhat similar CX P cr "^ c conclusion 
by Mason and Phillis (1940) on cotton plants also led to t ^ the 

that upward translocation of nitrogenous compoun s 

P Experiments on ringing often show that mineral sa^can^te conducted 

in the xylem, and experiments on intercepting woo conclu- 

can be conducted in the phloem, but no such 
sively which is the predominant pathway of bucl 

plants. 
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Stout and Hoagland (1939) were among the first to employ the radio¬ 
active tracer technique in experiments designed to ascertain the path of 
upward movement of mineral salts in plants. Small plants of cotton, ger¬ 
anium, and willow, rooted in sand or solution cultures, were used. Certain 
branches of each plant were “stripped” by cutting longitudinal slits 9 in. 
long on opposite sides of the stem, and then carefully pulling the bark 
away from the wood, but leaving it attached at the ends. A sheet of paraf 



Fio. 128. Diagram to illustrate technique employed in the experiment of Stout 

and Hoagland (see text). 

fined paper was then introduced between the phloem and the xylem (Fig. 
128). This treatment resulted in no visible signs of injury to the plants 
during the course of an experiment. Radioactive ions of potassium, so¬ 
dium, phosphate, or bromide were introduced into the rooting medium. 
After a period of not more than a few hours, under conditions favorable 
to transpiration, distribution of the tracer ions in the stem was ascer¬ 
tained by measuring the quantity of radioactive elements in ashed seg¬ 
ments of the xylem and phloem from the stem above, below, and in the 
region where the xylem and phloem were separated with paraffined paper. 
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TABLE 40-DISTRIBUTION OF RADIOACTIVE POTASSIUM IN THE STEM OF WILLOW AFTER AN 

ABSORPTION PERIOD OF 5 HOURS 



Branch stripped i 'A hr. 
before absorption period 

Intact branch 

ppm in bark 

ppm in wood 

ppm in bark 

ppm in wood 

Above strip SA 

S 3 

47 

64 

s<> 

S6 

11.6 

119 



S S 

0.9 

122 



Stripped section S4 

0.7 

112 

87 


(see Fig. 128) S3 

<0.3 

98 



S2 

<0.3 

108 



Si 

20 

113 



Below strip SB 

84 

58 

74 

67 


As shown by the results from a representative one of their experiments 
(Table 40), radioactive potassium (K 42 ) was found to be relatively abun¬ 
dant in both the bark and the wood above and below the section of the 
willow stem in which the xylern and phloem had been separated by parai- 
fined paper. Within this latter segment of the stem, however, almost all 
of the tracer element was located in the xylem. In the intact branch tlieie 
was no such marked difference in the distribution of the radioacti\e 

potassium. 

Similar results were obtained with the other plants used, and with each 

of the radioactive elements employed as a tracer. 

In these experiments it is obvious that mineral salts absorbed by the 
roots were transported upward at a relatively rapid rate through the 
xylem. During their upward passage some of the mineral salts moved lat¬ 
erally from the xylem into the phloem, thus accounting for the relatively 
large amounts of tracer element in the phloem. When, however, the lateral 
movement of salts from xylem to phloem was intercepted by interposing 
an impermeable barrier between these two tissues, practically all of the 

tracer element was found in the xylem. 

These results demonstrate that upward movement of mineral salts oc¬ 
curs in the xylem, but the possibility of some such movement in the 
phloem also is not excluded even though it is clear that lateral movement 
from xylem to phloem takes place readily. The data in \ able 40 furnish 
some evidence of upward and downward translocation in the phloem. Bark 
sections SI and S6, adjacent to the unstripped portions of the stem, are 
both higher in radioactive potassium than sections S2 to Sf>. This can be 
accounted for only by assuming that a slow movement of radioactive 
potassium has occurred into these sections from adjacent unstripped poi- 
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tions of the hark. Somewhat similar experiments of Gustafson (1939) also 
indicate that a limited amount of upward translocation of radioactive 
phosphate may occur through the phloem. 

There is no doubt that upward translocation of mineral salts occurs in 
the xylem, and it seems virtually certain that this is the main pathway 
along which their general upward movement from roots to leaves occurs. 
Conditions which are especially favorable to mineral salt translocation in 
the xylem include high rates of transpiration, high concentrations of 
mineral salts in the substrate, and the prevalence in the root cells of meta¬ 
bolic conditions which favor rapid movement of mineral salts from the 
absorbing cells to the xylem. 

Some upward translocation of mineral salts also occurs in the phloem 
under certain circumstances. Such movement appears to occur at rates 
that are usually slower than in the xylem. As described in the next section, 
upward movement of mineral salts in the phloem of younger stems ap¬ 
pears to be a usual occurrence when they are “exported” from leaves into 
the stem. There are some indications that mineral elements are more likely 
to move in the phloem when in organic than when in inorganic combina¬ 
tion. Entrance of such elements as nitrogen, phosphorus, and sulfur into 
organic combinations in the root cells may favor their upward transloca¬ 
tion in the phloem. 

Outward Movement of Solutes Other Than Carbohydrates from Leaves and 
Other Lateral Organs.—As the previous discussion has indicated, move¬ 
ment. of mineral suits to the leaves appears to occur principally, if not 
wholly, in the xylem. Not all of the mineral salts which enter a given leaf 
remain in that leaf, however, some of them being “exported” back into 
the stem, whence they are translocated to other parts of the plant. This 
is shown by the results of chemical analyses of leaves at different times 
of the day (Penston, 1935; Phillis and Mason, 1942) and also by results 
of periodic chemical analyses of leaf and stem tissues during the period 
just prior 1 o leaf abscission (Denny, 1933; Deleano, 1936). Nitrogen, phos¬ 
phorus, potassium, sulfur, magnesium, and chlorine may all be exported 
from leaves in one form or another, but calcium, boron, iron, and manga¬ 
nese appear to be virtually immobile. Nitrogen, phosphorus, and sulfur 
probably move out of leaves at least partly in organic combination, while 
potassium, magnesium, and chlorine probably move out mostly in the 
form of inorganic ions. Translocation of mineral elements out of flower 
petals just prior to their abscission also occurs (Phillis and Mason, 1936). 
In general, those mineral elements which are readily redistributed in 
plants (Chap. XXV) are the ones which are the most readily exported 
from leaves. 

The earlier evidence of the export of substances other than carbohy- 
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drates from leaves and other lateral organs has been augmented and 
strengthened by more recent studies in which radioactive elements have 
been used. To study this phenomenon by means of tracer elements it is 
necessary to apply the tagged ions directly to the leaf tissues rather than 
to let them enter the plant in the usual way through the root system. The 
manner in which the radioactive elements are introduced into the leaf 
tissues may determine the channel through which they pass in moving 
from the leaf to the stem. If the solution containing the tagged compound 
is brought into contact with the open ends of severed xylem vessels it rnav 
be drawn rapidly into the stem by way of the xylem. This is particularly 
likely to happen if an internal water deficit exists in the leaf at the time 
the solution is applied. On the other hand, when the marked ions arc al¬ 
lowed to reach the vascular system by cell-to-cell transfer in the meso- 

phyll, the result obtained is very different. 

Colwell (1942) found that radioactive phosphorus (P 32 ), introduced as 
phosphate into intact leaves of squash plants under suitable conditions, 
moved out of such leaves into the stem readily but did not move out of 
similar leaves if the petioles had first been scalded. This is evidence that 
outward movement of the phosphorus-containing compounds occurred in 


the phloem. . . , 

Biddulph and Markle (1944) introduced radioactive phosphorus as 

phosphate into the leaves of cotton plants in such a way as to insure that 
the tagged ions would move into the phloem tissue of the leaf. '1 he xylem 
and phloem of the stem were separated by a membrane of waxed paper 
in a segment extending for 4 in. immediately below the point of leaf 
attachment. The phosphate ions were allowed to migrate through the - 
sues of the leaf and stem for from 1 to 3 hr. before the,r distribution 
the stem was determined. Examination of the treated portion o ft he stem 
revealed that almost all of the radioactive phosphate was located in the 
bark The phosphate had moved both up and down after reaching the 
stem but only traces of the tagged element were found m the xylem wlieie 
it was separated from the phloem by the waxed paper It is evident from 
these results that the phosphate was translocated out of the leaf and longi¬ 
tudinally within the stem almost entirely in the tissues of the phloem. 

When the radioactive phosphate was applied to leaves of plants with 
intact stems the marked ions were found in both the xylem and the 
phloem of the stem and both above and below the point of leaf attach¬ 
ment Again much more of the radioactive element was present in 
The bart than in the wood which suggests that the tracer ions reached 

the latter bv lateral diffusion from the phloem. , 

Studies of the outward movement of radioactive phosphu e ron 
leaves of bean plants indicated that more such movement occurred during 
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the daytime than at night (Biddulph, 1941). The direction of the move¬ 
ment of phosphate was principally downward, under the conditions of 
these experiments, but some lateral diffusion of the radioactive ions into 
the xylem took place with a consequent upward movement in the transpi¬ 
ration stream. Other evidence shows quite clearly that a diurnal alterna¬ 
tion between a movement of mineral salts into leaves and a movement 
out of the leaves is of frequent occurrence. Phillis and Mason (1942) 
have shown by chemical analyses that the magnesium, potassium, chlo¬ 
rine, phosphorus, and nitrogen content of cotton leaves regularly increases 
during the daylight hours, and decreases at night. 

The general picture of the movements of mineral salts in plants seems 
to be about as follows. After entering the roots from the soil most of the 
mineral salts move across the cells of the young roots to the xylem ducts 
in which they are carried upward into the leaves. Some of the molecules 
of which these elements are a part or of which they become a part as a 
result of chemical transformations in the leaf do not become immobilized 
in the leaves but move out of them via the phloem. Once in the stem such 
solutes move both upward and downward in the phloem, entering other 
leaves, and probably also reaching the apical growing regions of roots and 
stems. Some of the mineral compounds in the phloem also migrate lat¬ 
erally and enter the transpiration stream in which they are transported 
upward at a usually rapid rate. In a sense, therefore, we may speak of a 
“circulation” of mineral compounds within the various organs of a plant. 

Lateral Translocation of Solutes.—As shown in Chap. XII, lateral trans¬ 
location of water in a tangential direction readily occurs in woody stems. 
This does not appear to be true of many solutes. In straight-grained trees 
the sugars from the leaves on one side of the tree are translocated to the 
roots directly below them and, if nitrates are added to the soil on one side 
of a tree, increase in nitrogen occurs principally in the leaves and branches 
above the roots on that side (Auchter, 1923). A similar lack of lateral 
translocation of solutes has been shown in certain spec ; es of herbaceous 
plants (Caldwell, 1930; McMurtrey, 1937). On the other hand, radial 
transfer of solutes from xylem to phloem or vice versa appears to occur 
readily. Some of the radial movement of solutes probably occurs along the 
vascular rays. 

In perennial woody plants, however, there is evidence that reorienta¬ 
tion of conductive tissues may occur in such a way as to offset the effects 
of a lack of lateral translocation of solutes (MacDaniels and Curtis, 
1930). If all branches on one side of a tree are removed or destroyed, for 
example, the effect of diminishing growth of trunk and roots on that side 
usually does not persist for more than one year. Subsequently developed 
conductive tissues are usually oriented in such a fashion as to permit 
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translocation to the trunk and roots on the side of the tree which no longer 
bears branches. 

Mechanism of Translocation of Solutes in the Xylem.—Dissolved mineral 
salts and organic solutes, when present, are carried along with the ascend¬ 
ing streams of water in the xylem ducts which are pulled up through the 
plant according to the mechanism which has already been discussed in 
Chap. XII. During upward translocation some of the solutes are lost by 
lateral movement into living cells of the stem adjacent to the xylem con¬ 
duits. In the leaves the solutes of the xylem vessels migrate into the living 
cells of the mesophyll. The rates at which solutes arc translocated upward 
through the xylem of the stem will correspond with the rates of transloca¬ 
tion of water. . , c , , 

Basic Considerations Regarding Mechanism of Translocation of Solutes 

in the Phloem.—Although several theories have been advanced to acc ount 
for the mechanism of the movement of solutes in phloem tissues, no one 
theory has ever received general acceptance. As a background for con- 
sidering the principal theories that have been proposed, it will be helpful 
to review briefly some of the pertinent facts regarding the problem ol 

movement of solutes in the phloem. 

1. Living Cells Are Essential.— Unlike movements of water and so utes 

in the xylem, translocation in the conducting elements of the phloem 
ceases when the cells are killed. Evidence for this fact is presented earlier 


in the discussion. . 

2. The Movement May Be Bidirectional .—There is no doubt that 

movement of solutes in the phloem can sometimes occur in one direction 
and sometimes in the other. The question of whether or not simultaneous 
bidirectional movement can occur through the same region of phloem has 
an important bearing on concepts of the mechanism. Experiments already 
discussed show that both carbohydrates (Rabideau and Burr 194o) nn< 
phosphates (Biddulph and Markle, 1944) move both up and down in the 
phloem of a stem from the point at which they enter it from the petiole of 
a leaf. This phenomenon does not, however, involve bidirectional move¬ 
ment through the same phloem at the same time. 

Indications that two different kinds of solutes-sugar and the dye fluro- 
rescein—could move simultaneously through the same phloem region in 
opposite directions were obtained by Palmquist ( 1938 ). Simultaneous 
movement of phosphate and carbohydrate, labeled with radioactive phos¬ 
phorus (P 3 *) and radioactive carbon (C") respectively, in opposite direc¬ 
tions through the phloem tissue of geranium stems has been shown to 
occur at least over short distances and at relatively slow rates (Chen, 
1951 )' It was further shown that phosphate could move up in the phloem 
while carbohydrate was moving down in the same phloem, and mce 
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Although there is thus evidence that simultaneous bidirectional move¬ 
ment of solutes through a given region of the phloem many take place, 
no experiments have ever been devised which would show whether or 
not such bidirectional movement can occur through individual sieve 
tubes. 

3. Relatively Large Amounts of Material Are Transported. —The 
amount of carbohydrate translocated through the phloem into such or¬ 
gans as fleshy roots, tubers, or fruits is almost incredibly great when 
considered in relation to the cross-sectional area of the conducting ele¬ 
ments of the phloem. 

For example, Crafts and Lorenz (1944a) calculated the gain in fresh 
weight of pumpkin fruits (Connecticut Field variety) to be about 5500 
g. in a 33-day growing period. A large proportion of this increase repre¬ 
sents water. However, when the average hourly increase in dry weight of 
the fruits was calculated, a value of 0.61 g. was obtained. On the average, 
therefore, something more than half a gram of organic matter was de¬ 
livered to each fruit during each hour of the 33-day growing period. All 
.such material entered the developing fruit through the one slender stem 
connecting it with the vine. 

Similar calculations have been made for the developing fruits of the 
sausage tree ( Kigelia africana ) by Clements (1940). These fruits com¬ 
monly develop as clusters of four, all hanging from the tree on one slender 
ctem. As much as 32.6 g. of organic material (Table 41) must pass through 
this one slender stem per day in order to account for the measured gain 
in dry weight of one such cluster of fruits. 


TADLE 41-INCREASE IN GREEN AND DRV WEIGHTS OF ONE CLUSTER OF FOUR Kigelia FRUITS 

(DATA OF CLEMENTS, I 94 O) 


Date, 1939 

Total green 
weights of 
fruits in g. 

Per cent 

dry matter 

• 

Total dry 
weight of 
fruits in g. 

1 n crease 
in drv 

0 

weight g. 

Daily 
increase in 
dry weight g. 

June 18. 

692 

11.9 

82.3 

82.3 

9-1 

June 25. 

2207 

11.9 

262.8 

1S0.5 

25.8 

}“•>' 2. 

4267 

■ 1.5 

490.7 

227.9 

32.6 

July 9. 

6073 

11.3 

686.3 

195.6 

27.9 

July 15. 

7.105 

>>•3 

825.6 

13 ‘>-3 

23.2 

July 21. 

8086 

11.3 

913.8 

88.2 

> 4-7 

July 29. 

8541 

12.1 

*°3 3-5 

119.7 

14-9 

August 9. 

8648 

14.1 

1219.3 

185.8 

16.9 

August 20. 

8716 

* 5-4 

1342.3 

123.0 

1 1.2 

August 29. 

8824 

174 

> 535-5 

> 93-2 

21.5 

•Sept. 10. 

8771 

18.7 

1640.3 

104.8 

" J 


• Growth nearly completed on this date. 
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4. Velocity of Movement Is Rapid .—The velocities with which organic 
solutes must move through sieve tubes in order to account for a gain in 
dry weight of 0.61 g. per day (average) by a pumpkin fruit have been 
calculated by Crafts and Lorenz (1944a). The required rate would he 
about 11 cm. per hr. if the organic compounds move in the dry state fan 
obviously hypothetical assumption), about 55 cm. per hr. if they move as 
a 20 per cent solution, and about 110 cm. per hr. if they move as a 10 per 
cent solution. These calculations assume that transport occurs in the 
entire lumen of the sieve tubes. Since the cytoplasm of mature sieve tubes 
is essentially restricted to a thin layer lining the inner surface of the cell 
walls, if it is assumed that organic solutes are restricted in their move¬ 
ment to the cytoplasm, then the rate of solute movement would be of the 
order of 500 to 1000 cm. per hr. It should be noted that all these calcula¬ 
tions are based on average and not on maximum rates of gain in dry 

weight. . . , -I* c 

Evidence from other sources also indicates relatively rapid rates o 

movement of solutes in the phloem. Biddulph and Markle (1944) found 
the rate of downward movement of radioactive phosphate in the phloem 
to be in excess of 21 cm. per hr. According to Huber (1941) the rates of 
downward translocation in the phloem of broad-leaved forest trees may 

range up to at least 100 cm. per hr. . 

5. Periodicity of Movement .—The movements of organic and inorganic 

solutes in the phloem do not appear to occur at a constant rate both day 
and night. The more rapid translocation of radioactive phosphate from 
leaves of bean plants during the day than during the night has already 
been discussed. Diumal variations in the rate of movement of organic 
solutes also occur in plants and do not follow the same pattern m all 
species. Most of the carbohydrates which enter growing cotton bolls ap¬ 
pear to move into them during the daytime rather than at night (Mason 
and Maskell, 1928). The rate of translocation of carbohydrates into date 
fruits in their preripe stage of development, on the other hand, appears 
to be more rapid at night than in the daytime (Curtis, 1947) . 

The Moss Flow Hypothesis.—This theory of translocation has been ad- 



Fio. 129. Diagram of an osmotic system in 

occur. 


which mass flow of solution will 
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vocated by Mtmch (1927, 1930) and in modified forms also by Crafts 
(1933, 1938) and others. The principles involved in this hypothesis can 
most easily be clarified by reference to a simple physical system (Fig 
129). 

As shown in this figure two membranes permeable only to water, both 
dipping in water, are connected by a tube to form a closed system. Mem¬ 
brane X is assumed to enclose a stronger 
solution of sucrose than membrane Y. 
Water will at first enter both mem¬ 
branes, but the greater turgor pressure 
developed in X will soon be transmitted 
throughout the system. This will result 
in a greater diffusion pressure in the 
water in Y than in the pure water in 
which the membranes are immersed. 
Water will therefore pass out of the 
membrane Y, and coincidentally there 
will be a flow of solution along the tube 
from X to Y. The mass movement of 
solution from X to Y will continue until 
the concentrations of the sugar solu¬ 
tions in both membranes are equal. At 
this point the flow of solution in the 
tube will stop and a dynamic equilib¬ 
rium will be established between the 
solution in the closed system and the 
circumambient water. 

If such an apparatus could be set up 
so that the sugar could be utilized or 
be converted into an insoluble form as 
fast as it was translocated into Y, and so that additional sugar could pass 
into solution in X as rapidly as it moved out of that membrane, flow of 
solution from X to Y would continue indefinitely. 

The Munch hypothesis assumes that a system analogous to that just 
described accounts for translocation of solutes through the phloem. Fig. 
130 (from Crafts, 1931) illustrates diagrammatically how it is supposed 
to operate as applied to the downward translocation of solutes. Cells L\, 
L >, and represent the green cells of the leaf and correspond to mem¬ 
brane A in Fig. 129. Similarly R x , R 2 , R 3 represent root cells which are 
analogous to membrane Y in Fig. 129. The continuous system of phloem 
connecting leaf and root cells is represented by P. Similarly X represents 
the xylem and C the cambium. The osmotic pressure of the leaf cells is 



Fig. 130. Diagram to illustrate 
mechanism of solute translocation 
according to the Miinch hypothe¬ 
sis. Redrawn from Crafts (1931). 
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maintained at a relatively high value as a result of photosynthesis. In the 
root cells the osmotic pressure is (usually) lower because most of the 
sugars translocated into them are used in metabolic activities or are con¬ 
verted into insoluble storage forms. Water is supplied continuously to the 

leaf cells through the xylem. 

This hypothesis assumes that the higher turgor pressure of the lea 
cells will cause a mass flow of solution downward in the phloem toward 
the roots. Plasmodesms connecting adjacent cells are supposed to permit 
mass movement of solution from leaf cell to leaf cell, and from leaf cells 
into the phloem elements. Movement from one sieve tube to another 
supposed to be facilitated by the cytoplasmic strands in the communicat¬ 
ing pores. Some of the solute molecules may be lost to the cambium an 
other living cells of the stem, but it is assumed that tl.e greatei Pjopm t o 
of them are translocated to the roots. The water component of the down¬ 
ward moving solution is supposed to be exuded back into the xylem fron 

the cambium or other receiving cells. 

If it is assumed that the entire phloem is acting as a unit system, 

theory will account for translocation through the phloem m only one 
direction at a time. Transport might occur at times m one due t.on and 
at times in the other. Flow will occur from the end at which the turg 
pressure is highest toward the other. In the spring, for ( example. £ 
postulated that the turgor pressure of the supplying cel s 
root is greater than that of the growing stem tips, opward flo wo ld 
usually occur. Later in the season, as the turgor pressure of the le af cells 

increases, a reversal in the direction of flow would be . ‘ " 

possible, in terms of this theory, to conceive of diurnal variations the 

rate of flow and even of diurnal reversals in the ducction of flo . 

,n favoJ'of this hypothesis are the facts that i, is has, 
physical principles and that the structure and properties of »■ ' ' 

elements seem better adapted to the operation of such a mechanism than 

to others that have been proposed. 

Almost the only tangible evidence in support of a '"«**- «" j ' ’ 

however, is that sap, usually with an appreciable sugar 

err= 

SS5 

is maintained only if a fresh cu is ma 1 place at rates 

.’S observations suggest the 
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occurrence of a mass flow under pressure in the phloem elements of intact 
stems. Some investigators have considered such exudations to be abnormal 
flows resulting from cutting open the phloem system, but it seems difficult 
to apply this interpretation to some of Crafts’ results. In one of his ex¬ 
periments the sap exuded in 24 hr. was equivalent to the total phloem 
volume in 189.9 cm. of stem. Furthermore, phloem exudation still occurred 
in stems which were distinctly wilted, indicating it to be unlikely that the 
flow of sap from the phloem could result from pressure exerted by adja¬ 
cent cells as has sometimes been suggested. Such a flow of exudate, repre¬ 
senting sieve-tube contents of many centimeters of a stem, indicates that 
the sieve elements must be permeable to the constituents of the exudate. 

The exudate from phloem is, however, often chemically unlike the con¬ 
tents of the storage tissues into which transport is occurring. The pro¬ 
portion of nitrogenous compounds in the phloem exudate of cucurbit 
stems, for example, is much higher than the proportion of nitrogenous 
compounds in the fruits of the same plant (Crafts and Lorenz, 1944b). A 
possible explanation of this discrepancy is that the abnormally high rates 
of flow which occur through sieve tubes when the phloem is cut into may 
result in tearing free certain loosely held nitrogenous compounds which 
are present in sieve elements as a result of the maturation process (Crafts, 
19511. 

Bennett (1940) and others have shown that translocation of certain 
viruses through the phloem is closely correlated with the translocation of 
foods. Translocation of certain chemicals such as 2,4-D (dichlorophenoxy- 
acetic acid) which exert hormone-like effects on plants (Chap. XXVIII) 
also seems to be closely correlated with the movement of foods (Mitchell 
and Brown, 1946; Weintraub and Brown, 1950). This also appears to be 
true of certain vitamins (Chap. XXVIII) and “florigen” (Chap. XXXII). 
Although these facts have been cited as supporting the concept that a mass 
flow of solution occurs through the sieve elements, they are actually 
amenable to alternative and equally plausible interpretations. 

There are a number of serious objections to the mass-flow hypothesis. 

(1) Resistance to a mass flow of solution through the end walls and cyto¬ 
plasmic strands of the numerous sieve plates would undoubtedly be very 
great, and there is considerable doubt if turgor pressures of sufficient 
magnitude can develop to cause a mass flow over the distances which 
solutes are translocated in many plants. (2) This hypothesis requires that 
the supplying cells have a higher turgor pressure than the receiving cells. 
Measurements by some investigators (Curtis and Scofield, 1933; Tingley, 
1944) indicate that this is not always true, and movement of solutes in 
the phloem appears to occur in the direction opposite to that required by 
the hypothesis. For various reasons that cannot be discussed in detail, 
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measurements of the concentrations or osmotic pressures of different tis¬ 
sues may not accurately reflect the conditions affecting movement of 
solutes which prevail in those tissues. Hence there is some uncertainty 
as to just how serious an argument against the mass flow theory these 
findings are. (3) The mass-flow hypothesis accounts for the translocation 
through phloem in only one direction at a time, although there is some 
evidence that movement of solutes in phloem may take place both upward 
and downward simultaneously. (41 The calculated rates of movement of 
a solution through the phloem, discussed earlier, seem too great to be 
accounted for by such a mechanism. (5) The retarding effects of low 
temperatures and oxygen deficiency on translocation, discussed later, sug¬ 
gest an active participation of the cytoplasm in the transport of solutes, 
whereas the mass flow theory relegates the cytoplasm of the sieve elements 
to a relatively passive role. Proponents of the mass-flow theory', however, 
consider that the retarding effects of these conditions upon solute trans¬ 
location may result from a lowering effect which they exert on the perme¬ 


ability of the cytoplasm. 

The Streaming of Protoplasm Theory. —De \ ries (18851 and other nine¬ 
teenth century investigators postulated that streaming of the protoplasm 
in the cells of the phloem might explain the relatively rapid rate of trans¬ 
port of solutes. More recently this theory has been supported bv ( urtis 
(1935). The basic assumption is that rotational streaming of the proto¬ 
plasm occurs in the sieve-tube elements, and that solute molecules, caught 
in the protoplasmic matrix, are carried by this protoplasmic movement 
from one end of the element to the other. The molecules are usually a>- 
sumed to pass from one sieve-tube element to the next by diffusion, pie- 
sumably largely through the cytoplasmic strands in the sieve plates. I)il- 
fusion over short distances can occur very rapidly even if the molecules 
are moving along a gradient which is not very steep. Some advocates of 
this theory have been postulated that streaming protoplasm may be con¬ 
tinuous from sieve-tube element to sieve-tube element through the com¬ 
municating pores. This theory would account for simultaneous movement 
of solutes in both upward and downward directions in the same sieve tube. 

About the only positive evidence which can be cited in favor of this 
theory is that solute translocation through phloem is checked by condi¬ 
tions which are known to retard or inhibit protoplasmic streaming. Ex¬ 
posure of stems or petioles to temperatures of 15‘C. or lower has been 
found by several investigators (Curtis and Hcrty, 1936; Hewitt and Cur¬ 
tis, 1948; Swanson and Bohning,'l951) to retard the rate of translocation 
of carbohydrates as compared with their rate of translocation at 20 - 
30°C. Oxygen deficiency in stem tissues has also been shown to retard 
translocation through them (Curtis, 1929; Mason and Phillis, 1936). 
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Shortage of oxygen would rarely be a factor influencing translocation of 
solutes through aerial organs of plants under natural conditions. Defi¬ 
ciency o) oxygen in soils is not uncommon, however, and translocation of 
solutes through roots and underground stems is probably affected when 
such a condition obtains. 

The effects of low temperatures and oxygen deficiency on solute trans¬ 
location are consistent with the protoplasmic streaming theory but are 
not proof of its validity. Most metabolic activities of cells are retarded by 
exposure to such conditions, and the mechanism whereby they influence 
solute translocation may be a very different one from that envisaged by 

the streaming of protoplasm theory. 

A serious argument against the protoplasmic streaming theory is that, 
although streaming of cytoplasm is usual in young sieve elements, many 
careful studies have failed to reveal its occurrence in mature elements. 
Unless it is assumed that most translocation in the phloem takes place 
in young elements, a postulation which ignores much anatomical and 
cytological evidence to the contrary, existence of the very mechanism 
upon which this theory is predicated seems improbable. 

Another weakness of the protoplasmic streaming theory is the inade¬ 
quacy of known rates of streaming to account for known rates of solute 
transfer through the phloem. Visible streaming of the larger granules in 
the cytoplasm occurs at rates up to about 15 cm. per hr. at temperatures 
of 20°-25°C\, and tho smaller granules appear to move several times 
faster than this. Calculations indicate, however, that these rates are in¬ 
adequate by a considerable factor to account for the rates at which solutes 
sometimes move through phloem. While it seems impossible, therefore, 
that protoplasmic streaming in the usual sense of the word could account 
for known rates of solute transport, the possibility remains that streaming 
of cytoplasmic films or layers which are below the usual range of micro¬ 
scopic visibility might occur at rates which are sufficient to account for 
known rates of solute translocation. 

Activated Diffusion Hypothesis.—This theory, first suggested by Mason 
and Phillis (1936) postulates that the protoplasm of the sieve elements is 
in some manner capable of hastening the diffusion of solutes either by 
“activating” the diffusing molecules, or by decreasing the resistance of 
the protoplasm to their diffusion. Beyond the fact that either of these 
modes of activation would require respiratory energy, no clear picture of 
how such a mechanism could work has been presented. 

Polar Translocation.—As discussed in the next chapter, movement of 
auxins (one kind of plant hormone) through certain tissues is a polar 
phenomenon, i.e., occurs in only one direction. Polar translocation seems 
not to be confined to the auxins, but is evident at certain stages in the 



SELECTED BIBLIOGRAPHY 


551 


translocation of carbohydrates in at least some kinds of plants. Leonard 
(1939) showed that sugars would move out of the blades of mature leaves 
of sugar beet in the dark into the petiole until the blade was depleted. 
This occurred in both attached and detached leaves. Reverse movement 
from the petiole into a mature blade already depleted of sugars would 
not occur; t.e., the movement was unidirectional or polar. Such polar 
movement did not occur in young leaves or in etiolated leaves. The polar 
movement was believed by this investigator to be localized in leaf paren¬ 
chyma cells bordering sieve tubes. Further polar movement of sucrose 
apparently occurs in the roots of the sugar beet. Apparently the storage 
parenchyma cells of the root can accumulate sucrose relative to its con¬ 
centration in the above ground parts. Loomis (1945) presents evidence for 
similar polar movements of sucrose through certain tissues of corn. The 
facts of polar movement of solutes must be taken into account in formu¬ 
lating any adequate explanation of the overall mechanism of solute 

translocation in plants. 
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DISCUSSION QUESTIONS 

1. Why does a tree which has been ringed to the xylem die eventually, but 
not immediately? 

2. Occasionally a tree which has been ringed to the xylem has been found to 
live for many years after ringing. What are some possible explanations? 

3. When a tree is ringed to the xylem, buds below the ring often begin to 
develop almost immediately. What are some possible explanations? 

4. How would you determine from how far back in the stem system of a tree 
the food used by terminal buds in their spring development comes? 

5. How would you demonstrate whether the translocation of foods away from 
the leaves occurs more rapidly in the daytime or at night? 

6 . Why does ringing a stem to the xylem, no matter how carefully it is done, 
usually result in a decrease in the rate of transpiration from leaves attached 
above the ring? 

7. Measurements of the rate of apparent photosynthesis in a given plant by 
the dry weight method showed it to be 1.5 g. hexose per meter 2 per hr.; meas¬ 
urements by the carbon dioxide utilization method during the 6 ame period showed 
it to be 1.8 g. hexose per meter 2 per hr. Assuming that the methods are equally 
accurate, what was the rate of translocation of hexose out of the leaves? 

8 . Pioneers in certain middle western states made it a rule to ring trees which 
they wished to kill about August 1. Is there any scientific justification for this 
date? 

9. Measurements sometimes show that the nitrogen content of leaves, ex¬ 
pressed as a percentage of their fresh weight, is greater in the daytime than at 
night. Does this necessarily indicate that nitrogen compounds are translocated 
out of the leaves at night ? Explain. 

10 . Cut stumps of certain species of tree on which there are no sprouts have 
sometimes been found to remain alive for years. What are some possible expla¬ 
nations? 
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organic compounds which exert In 

metabolism of an organism ^ hen pr further characteristic of 

the animal body it is generally considered that a 11 inner 

a hormone is that it exerts its effects at a site remote^omthe loc ^ ^ 

synthesis. Adrenalin, for example, secre ec anc j vascular svs- 

adrenal gland, has pronounced effects upon th ‘ . effects in 

tern. Many, but not all, plant 'hormones^:after 
cells at some distance from. thoses m Inc luded among the plant 

translocation from the latter to -unified as vitamins in con- 

ES.” — as: 

aa'hor^^tS^nd^naybb^'ec^cdetras falling into the same genera, cate- 

gory of substances. . u nrmonC s in plants, a number 

In addition to the natur ®'^ °", hich w hen introduced into plants in 
of organic compounds are k / which are similar to, and often 

relatively small quantities, in< uce naturally occurring hormones. 

apparently identical with, those induced by ^ ^ ^ 

By an extension of the ongma '"^ .’e ngorous definition of the term 
called plant hormones, although the n b 

would restrict it to naturally occurring t e hormo nes are phyto- 

Other terms commonly used tances, and growth regulators 

hormones, growth hormones, Q row rHimtors and growth inhibitors) 
(a term which includes both growth activators (7 
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Relation of Auxins to Growth of the Oat Coleoptile.—The auxins have 
been the most comprehensively investigated group of plant hormones. 
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scute!fum 
(cotyledon) 


co/eoptiie 
primary leaves 
stem tip 


primary root 
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Fin. 131. Oats (Arena sativa). (I Longitudinal section through grain, show¬ 
ing location of embryo. (Ii) Longitudinal section through embryo. (O) Early 
stage in germination, showing emergence of coleoptile. Redrawn with modifica¬ 
tions from Avery (1030). 
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Their action was first clearly demonstrated in the leaf sheath or coleoptile 
of the oat plant (Arena sativa). This is a tubular, leaf-like structure, 

closed at the top, which is the first 
part of the plant to emerge from the 
soil (Fig. 131). Similar coleoptiles de¬ 
velop during early seedling growth of 
other members of the grass family. 
The coleoptile encloses the initial leaf 
and is eventually pierced at the tip as 
a result of the growth of this leaf, soon 
after which all growth in length of the 
coleoptile ceases. Oat coleoptiles are 
approximately 1.5 mm. in diameter, 
and when illuminated seldom attain 
lengths of more than 2 cm. In the dark 
they may attain heights ranging up 
to 6 cm. Cell divisions cease relatively 
early in the life history of an oat 
coleoptile, and during approximately 
the last three-fourths ol its growth period all increase in its length results 
from cell elongation (Avery and Burkholder, 1936). 


a c 


b c 


b c 


A 

Fig. 132. Effect of removal of tip 
on elongation of oat coleoptile. (.-1) 
Check, (B) tip severed and re¬ 
placed, <n tip removed. The effects 
of the treatments are shown by 
differences in increase in length of 
coleoptiles at right. 


oo/ 


BIOLOGICAL TESTS FOR AUXINS 


If the tip of a coleoptile is removed by a clean cut made several milli¬ 
meters below the apex, the rate ol elongation ot the stump is immediately 
retarded (Soding, 1925). If, however, the cut-off tip of the coleoptile or 
a similar tip from another coleoptile is affixed on the stump, its elongation 
will be resumed, and may nearly regain the original rate (Fig. 1321. Re¬ 
tipping the coleoptile with a short segment cut out of another coleoptile 
somewhat below the apex results in little or no increase in elongation rate. 


Such experiments indicate that the elongation of a coleoptile, which occurs 
in the more basal regions, is maintained only under the influence of some 
sort of a ‘‘stimulus” originating in the tip, whence it is transmitted basi- 
petallv (apex to base) through the coleoptile. 

Went (1928, 1935) placed the cut-off tips of oat coleoptiles on a thin 
layer of 3 per cent agar and after 1 hr. removed them and sliced the agar 
into a number of equal-sized small blocks (tig. 133). If one of these 
blocks was placed upon the stump of a detipped coleoptile, the rate of 
elongation was accelerated iust as if the stump had been capped with a 



Fig. 133. Diagram illustrating stages in the collection 

coleoptile tips. 


o 


f auxin in agar from 


fresh coleoptile tip. On the other hand, retipping a coleoptile with a block 
of pure agar had no appreciable accelerating effect on elongation. It seems 
evident from these results that some substance or substances were trans¬ 
ported out of the cut-off tip into the agar block, and subsequently out of 
the block into the coleoptile stump, whence they were translocated down¬ 
ward to the elongating region of the coleoptile (Fig. 134). The substances 
which induce such a reaction now are classed as auxins. 

Many other plant organs such as stems, petioles, flowerstalks, and 
coleoptiles of other species behave similarly upon removal of the apical 
region. Elongation is stopped or retarded by such a treatment but will be 
resumed if the excised apex of the organ is carefully relocated on the cut 

surface of the stump. . , 

Biological Tests for Auxins.—Auxins are known to be of widespread 

distribution in plants. They occur in such small quantities, however that 

detection of their presence in an organic material by chemical methods 

is usually impossible. Recourse is had, therefore, to sensitive biolog.ca 

tests in order to demonstrate the presence of these substances. Several 

such tests have been used rather widely. 
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The oat coleoptile test has been the most extensively employed method 
of determining the relative quantities of auxins present in plant tissues 

or other materials. If an agar 
block containing auxin from one 
source or another is affixed one- 
sidedly on a detipped oat coleop¬ 
tile, elongation is found to be 
more rapid on the side of the 
coleoptile below the portion of 
the tip on which the block is 
perched, resulting in curvature 
of the coleoptile (Fig. 135). 
Translocation of the hormone is 
almost strictly longitudinal, the 
elongating cells on the side of 
the coleoptile under the block 
receiving much more auxin than 
cells on the opposite side, with 
a corresponding differential ef¬ 
fect on growth. When the block 
is centered on the coleoptile stump, as in the experiment described in the 
preceding section, all sides of the coleoptile receive approximately equal 
quantities of auxin, and growth proceeds in a vertical direction. 

Furthermore, it has been found that the curvature resulting from the 
eccentric attachment of agar blocks to detipped oat coleoptiles is propor¬ 
tional, within the range of about 0 to 20 degrees, to the concentration of 

A 


• • 
; t 

! i 

I i 
• • 
I ' 


1:1 I 
B C 

Fig. 135. Diagram of method of determining auxin content of agar block quan¬ 
titatively. (^4) Intact coleoptile enclosing primary leaf, (B) tip of coleoptile 
removed, (C) primary leaf pulled loose so its elongation will not dislocate agar 
block, (£)) tip of primary leaf cut off, ( E ) agar block affixed unilaterally to 
coleoptile tip, (F) curvature resulting from movement of auxin into side of 
coleoptile below agar block. Redrawn from Went (1935). 




Fig. 134. Effect of agar blocks contain¬ 
ing auxin on elongation of oat coleoptiles. 
(/I) Check, (£) block containing auxin 
placed on decapitated tip, (C) block of 
pure agar placed on decapitated tip. The 
effects of the treatments are shown by 
relative increases in length of coleoptiles 

at right. 
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the auxin in the agar block. It is this proportionality between hormone 
concentration and curvature that makes possible the use of oat coleoptiles 
as living test objects in the quantitative estimation of the auxin content 
of plant tissues or other materials (Went, 1928). 

Quantitative measurements of auxins by the oat coleoptile technique 
must be carried out under carefully standardized conditions. The oat 
seedlings (usually from a genetically uniform variety) are grown in a 
dark room at a temperature of 25°C. and a relative humidity of 90 per 
cent. All manipulations are performed under phototropically inactive 
orange or red light (Chap. XXXVI). The coleoptiles are used when about 
2.5 to 4 cm. in length. The extreme tip of the coleoptile is first cut off, and 
after 3 hr. the topmost 4 mm. of the stump is removed. For reasons which 
cannot be considered in a brief discussion, the coleoptiles are more sensi¬ 
tive when this method of double decapitation is employed than when the 
tip is cut off in one operation. The primary leaf, which is enclosed by the 
coleoptile, is then pulled loose so it will not interfere with the determina¬ 
tion by its continued growth. If guttation water exudes at the cut surface 
it is carefully blotted off. An agar block (2x2x1 mm. is a commonly 
used size), containing the substance to be tested, is then affixed unilater¬ 
ally to the cut tip. After a standard length of time (usually 90 min.), the 
resulting degree of curvature of the coleoptile is determined. The greater 
the degree of curvature, within limits, the greater the hormone concentra¬ 


tion in the agar block. 

Various methods of applying the material to be tested for auxins to 
detipped coleoptiles have been employed. Sometimes small plant organ* 
or pieces of plant organs are affixed directly to the cut surface of the 
coleoptile. More commonly plant tissues are placed in contact with 3 per 
cent agar into which the hormone will move. The tissue is general y e t 
in contact with the agar for about 2 hr. The agar is then cut into blocks 
of standard size each of which is then affixed unilaterally to a detipped 
coleoptile. The effects of pure chemicals or extracts can be tested by first 
dispersing them in agar, and then, after solidification, determining the 
influence of standard sized blocks of this agar on curvature of the coleop¬ 
tiles. Or agar blocks can be soaked in a solution of the substances and 

then used in the coleoptile test for auxins. 

Another commonly used biological test for auxins is to immerse sections 

of young oat coleoptiles in the solution to be tested and measuic their 
increase in length over a certain period of time (commonly b-24 hi.) as 
compared with increase in length of similar sections immersed in water 


or an auxin-free solution. 

Chemical Constitution of the Naturally-occurring Auxms.-kogl et al. 
(1934) isolated from biological sources three chemically pure crystalline 
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substances which give the reactions of auxins when tested by the oat cole- 
optile technique. These substances have been called auxin a (C 18 H 32 O 5 ), 
auxin b (Ci 8 H 30 O 4 ), and heteroauxin (CioH 9 0 2 N). The chemical names 
of these substances are auxentriolic acid, auxenolonic acid, and indole-3- 
acetic acid, respectively. Auxin a was isolated from urine, and both auxins 
a and b from malt and various vegetable oils. Indoleacetic acid was iso¬ 
lated from urine and from certain yeasts and molds. At one time it was 
considered possible that indoleacetic acid did not occur in the tissues of 
higher plants, but more recently it has been isolated from com grains 
(Haagen-Smit et al, 1942, 1946; Berger and Avery, 1944), and there are 
numerous indications that it occurs in many other tissues of higher plants 
including oat coleoptiles (Wildman and Bonner, 1948). It seems probable 
that this will prove to be the principal naturally-occurring auxin. 

The Occurrence and Synthesis of Naturally-occurring Auxins in Plants.— 
Auxins appear to be universally present in plants, and their occurrence 
has actually been demonstrated in a wide variety of species. Furthermore, 
the auxins are nonspecific in their action, i.e., the same auxin, chemically 
speaking, which influences growth phenomena in one species usually also 
influences the same or similar phenomena in other species. 

Auxins are present in plant cells in several different forms: free auxins, 
auxin precursors, and bound auxins. Various methods of extracting the 
“total” auxins (all forms) from plant tissues have been devised and more 
or less successfully employed (Thimann et al., 1942; Haagen-Smit et al., 
1942; Gordon and Wildman, 1943; Avery et al., 1941, 1945; and Gordon, 
1946). Other investigators have devised methods which they believe 
extract only the free auxins from plant tissues (Gustafson, 1941; Van 
Overbeek et al., 1947; Wildman and Muir, 1949). 

Only in the free form is an auxin readily diffusable, and only in this 
form is it effective in the oat coleoptile tests. Since, however, free auxins 
may be continuously formed from bound or precursor auxins, consider¬ 
ably more free auxin than originally present may diffuse into agar blocks 
from plant tissues (Van Overbeek, 1941). In most tissues thus far inves¬ 
tigated the auxins present in inactive forms are many times greater than 
the free auxins present; the latter seldom constituting more than 10 per 
cent of the potentially available auxins. 

The amino acid tryptophane (Chap. XXVI) has been shown to be a 
precursor of indoleacetic acid in plants (Wildman et al., 1947, and others). 
Conversion of the former compound into the latter apparently takes place 
through the intermediate step of indoleacetaldehyde, which is therefore an 
even more immediate precursor of indoleacetic acid (Larsen, 1949). The 
transformation of tryptophane to indoleacetic acid is catalyzed by a 
specific enzyme system which has been found in a number of plant tissues. 
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The presence of zinc is necessary for tryptophane synthesis, and one of 
the indirect effects of zinc deficiency is a reduction in the quantity of 
auxin present (Tsui, 1948). Following are the structural formulas for 
tryptophane and indoleacetic acid: 
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Many, but not all, of the bound auxins are auxin-protein complexes. 
Since, by suitable treatments, active auxins can be released from boun 
auxins, the latter are sometimes referred to as "auxin precursors, a - 
though they would not be so regarded in the usual sense of the term 
The auxins naturally present in plants are synthetic products of plan 
metabolism. The principal centers of auxin synthesis are apical mens - 
matic tissues of aerial organs such as opening buds, young ca\(s, i 
flowers or inflorescences on growing flowerstalks. Sma d uar ' 1 ‘‘■‘ s 
auxins arc also synthesized in apical root meristoms (Van Overbeekand 
Bonner, 1938). although much of the auxin present in roots probably 
comes from aerial organs of the plants. The auxin Bynt e^ . e 
tissue is frequently translocated to other organs of the plant. The conce - 
tration of auxin may vary greatly from one tissue to another .. general 
auxin is found in greatest concentrations in the tissues m wInch , it «^ syn¬ 
thesized or stored. Temperature is a factor in auxin aynthesr* but the 
optimum for this process probably is not the same m all anb an 

tissues. In coleoptile tips the auxin is apparently 1 

precursor which is translocated acropetally (base to apex) through 

“SS TJU&SSi TIL ,«...... 

.............»•>■ ......... io “"“"in,*;”,, 

.. 

and is discussed more fully m Chap. XXXVI. eiongtt _ 

The Role of Auxins in Cell Elongotion.-Auxms P lay ‘‘""^ '" ‘ ^eer bed 
tion phase of growth in many other plant organs similar to that 
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for the oat coleoptile. It is generally considered that cell elongation occurs 
only in the presence of auxins, and that with increase in auxin concentra¬ 
tion there is an increase in the rate of elongation if no other factors are 
limiting. The optimum range of concentration for cell elongation varies 
greatly with different tissues, and relatively high concentrations usually 
exert an inhibiting effect upon this phase of growth. 

If the extreme tip of a maize or lupine root is cut off, its rate of elonga¬ 
tion increases, although not greatly (Cholodny, 1926). Replacement of 
the root tip in maize plants results in a retardation in elongation rate as 
compared with detipped roots. Furthermore, attachment of coleoptile tips 
of maize to detipped root tips of the same plant results in a retardation 
in the elongation rate of the root tip. These results suggest that the same 



Pin. 136. Relation between auxin (indoleacetic acid) concentration and its pro- 
mot inc or inhibiting effect on the development of certain plant organs. Modified 

from Leopold and Thimann (1949). 

concentrations of auxin which accelerate elongation in coleoptiles and 
other aerial organs retard elongation in roots. 

T his supposition has been confirmed by experiments in which the roots 
of oat seedlings were immersed in pure solutions of auxins. The growth of 
the roots was found to be retarded in proportion to the concentration 
of auxin used. However, when roots which contain either no auxin at all, 
or virtually none, are treated with auxin solutions of very low concentra¬ 
tion, acceleration of growth as compared with similar but untreated roots 
often results. 

The apparently contrasting effects of auxins upon elongation of roots 
and aerial organs may be explained by assuming that roots, buds, and 
stems all react in a comparable way to auxins (Fig. 136), their growth 
being inhibited by relatively high, and promoted by relatively low, auxin 
concentrations. Elongation of roots is favored only at very low concen¬ 
trations; at all higher concentrations their growth is checked. Stems and 
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coleoptiles show a similar behavior except that the optimum range of 
concentrations for elongation is much higher than for roots. The same 
concentrations of auxins which favor stem elongation result in retarda¬ 
tion of root elongation. The effect of auxin on bud development is con¬ 
sidered in Chap. XXXIII, and its effect on flower initiation in Chap. 
XXXII. Briefly, therefore, whether an auxin will exert an accelerating 
or an inhibiting effect upon growth seems to depend in part upon its 
concentration and in part upon the specific tissue involved. 

Shortly after the discovery of the naturally-occurring auxins various 

investigators showed that certain compounds, not known to na ^ 

rally in plants, induce reactions in plants similar to those evoked y e 
naturally-occurring auxins. The list of such •‘synthetic” auxms has become 

quite extensive (Zimmerman and Hitchcock, 19 , ompso , •> 

1946). The best known of these substances are ^-naphthalene acetic ac , 

indolebutyric acid, 2 , 4 -dichlorophenoxyacet.c acid, and 

acetic acid. Most of these compounds induce curvature °f oat coleoptdes 

when tested by the standard technique, althoug i many o auxins 

as effective in causing this reaction as the naturally-occumng auxins 
The term "auxin” has been used in different senses by d.fferent author^ 

ties. Most commonly, however, an auxin is consi ere o applied 

compound that promotes growth along a longi u ma a\ - content 

in low concentrations to organs which are initially low"am 

of such growth-promoting substances but are T Under i eO e ^ concentra _ 

otherwise favorable for elongation gro • taken to refer to 

tions” is a somewhat vague one, but in general can be taken to 

concentrations of less than 10 8 molar. j which act as 

In spite of the apparent divc^ty of * all of 

auxins, certain similarities in molecula * containing at least one 

. T^irboxvl ^potential carboxyl group 
carbon atom between a terminal ca chain, and a 

and the ring, a double bond in the ring^dj-ecn^o the s,d ^ ^ 

definite space relationship between formula for indoleacetic 

system (Koepfli et al„ 1938). Cf. the structural formula 

acid given earlier. r „„„ ™nt«ininc auxin is affixed 

Translocation of Auxins.—If a bloc ° a nt of ‘ oat co leoptile, and a 
to the morphologically upper end o vc j nto and accumulate 

block of pure agar to the lower end, aux • : n the basally at- 

in the lower block. The final concentra ion ‘ ~ xe( j to the apex (Fig. 
tached block may greatly exceed that in c . f j to the morphologi- 
137 A). If the agar block containing auxn \ (F ig. 137 B). Trans- 

cally basal end, no translocation of auxin w , place through the 

location of auxin in oat coleoptiles apparently takes pla 
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parenchyma tissues. The results of such experiments show that transport 
of auxin in the oat coleoptile is polar, i.e., occurs only basipctally, and 
that it can occur against a concentration gradient since the auxin accumu¬ 
lates in the lower block (Van der Weij, 1934; Went and White, 1939). 

There is evidence that a similar basipetal translocation of auxin, either 
naturally-occurring or introduced, occurs in many other plant tissues or 
organs. Among these are coleoptiles of other species than oat, the veins 
and petioles of leaves, hypocotyls, herbaceous stems, and woody stems 
(Oserkowsky, 1942). In such organs the polarized downward movement 
occurs in parenchyma or phloem tissues. In roots, on the other hand, 



Fig. 137. Diagram to illustrate basipetal movement of auxin. (.1) Agar block 
containing auxin attached to apical end of segment of oat coleoptile. (B) Agar 
block containing auxin attached to basal end of segment of oat coleoptile. Re¬ 
drawn from Went (1935). 


movement of auxins appears to be nonpolar and there are undoubtedly 
other tissues in which this is also true. 

The mechanism of the polar movement of auxins is unknown. Etheriza¬ 
tion stops the transport of auxin, except insofar as it can be accounted for 
by diffusion, and destroys its polarity. This indicates that living cells are 
involved in the process, but tells nothing of the manner in which they 
operate. It has been suggested that the polarity in the movement of auxins 
may result from differences of electrical potential in the tissues, but 
experiments designed to test this hypothesis have not yielded evidence 
in its support (Clark, 1938). 

Upward translocation of auxins can occur in plants, at least under 
certain conditions. If an auxin is applied to the soil or to the basal parts 
of entire plants or to cuttings in adequate concentrations, their absorp¬ 
tion and upward movement through the plant can be demonstrated 
(Hitchcock and Zimmerman, 1935, 1938; Ferri, 1945). Such upward 
transport apparently takes place only when the auxin molecules pass into 
the transpiration stream. As soon as the auxin molecules move back into 
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the living tissues of the stem or leaf their polar basipetai movement is 
resumed (Skoog, 1938). 

Role of Auxins in Root Formation—It has been known for many years 
that the presence of buds on a cutting favors development of roots when 
the basal portion of the cutting is introduced into a suitable rooting 
medium. Developing buds are more effective in promoting root formation 
than quiescent buds. Leaves, especially if young, also often favor the 
production of roots on cuttings. These observations suggest that root 

initiation on cuttings is favored by hor¬ 
mones which are synthesized in the buds 
and young leaves and are subsequently 
translocated to the basal part of the cutting. 

Soon after the identification of them as na¬ 
turally-occurring auxins it was found that 
auxin b and indoleacetic acid are active in 
inducing root formation (Kogl, 1935; Thi- 
mann and Koepfli, 1935). There is good 
evidence (Chap. XXIX) that other hor¬ 
mones besides auxins are also necessary for 
root formation or at least for their con¬ 
tinued development, whethei the roots are 
initiated on other roots, on stems, or on 
leaves. 

The effect of auxins on root fomation 
should be clearly distinguished from their 
effect on root elongation. In general, the 
concentrations required for the former proc¬ 
ess are much greater than for the latter. 

A number of the “auxins” not known to 
occur naturally in plants have also been 
found to be effective in promoting root for- 
mation in many species (Fig. 138) Exten- f treatmen ts 

cuttings of many species th y f reater number of roots per cut- 

formation and to the deye op format ion however, on cuttings of 

S jrat --ZL “develop Without their a PP li- 
Ca v°arious techniques are used to 

merly the most favored procedure was to immerse nas 



Fig. 138. Hoot formation on 
stem of tomato plant result¬ 
ing from treatment with lano¬ 
lin containing 2 per cent alpha 
naphthalene acetic acid. Pho¬ 
tograph from Zimmerman and 
Wilcoxon (1935). 
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cuttings in a dilute (10-200 p.p.m.) solution of the hormone for periods 
ranging up to 24 hr. before setting them in the rooting medium. Latterly 
this method has been largely superseded by two less time-consuming 
procedures. In one of these the hormone is applied in a dry form, being 
first mixed with an inert powder such as talc, most commonly in propor¬ 
tions of 500-2000 parts of the hormone to 1,000,000 parts of talc. The 
basal end of the cutting is first dipped in water, and then in the powder 
before insertion into the rooting medium. In the “quick dip” method the 
basal ends of the cuttings are dipped momentarily (for about 5 sec.) into 
a relatively concentrated solution of the hormone (4,000-10,000 p.p.m. in 
water or 50 per cent ethyl alcohol) before being set in the cutting bench. 
Auxins may also be applied to stems or cuttings in lanolin (Fig. 138) or 
as vapors. 

The compounds most commonly employed in all of these methods, 
either singly or in mixtures, are a-napthaleneacetic acid, napthalene 
acetamide, and indolebutyric acid. The most effective treatment varies 
according to species; extensive tabulations of the effects of various com¬ 
pounds and methods of treatment on numerous species are given by 
Avery and Johnson (1947) and Mitchell and Marth (1947). 

Other Effects of Auxins.—One of the most remarkable facts about the 
auxins is the multiplicity of the growth reactions in which they partici¬ 
pate. Only a few of their roles are discussed in this chapter; other impor¬ 
tant growth phenomena in which they play a part include the develop¬ 
ment of fruits, abcission of leaves and fruits, activation of cambial cells, 
apical dominance, flower initiation, geotropism and phototropism. These 
various roles of the auxins will be discussed in subsequent chapters. 

Toxic Effects of Auxins.—Reference has already been made to the in¬ 
hibitory effect of relatively high concentrations of auxins on the process 
of cell elongation (Fig. 136). Applications of auxins in relatively high 
concentrations also result in various kinds of growth malformations in 
plants such as distortions of leaves, stems and roots, discolorations of 
leaves, inhibitions of stem or root elongation or flower opening, and the 
formation of tumors. It should be emphasized that the term “relatively 
high concentrations” as used in this discussion refers to concentrations 
which, in absolute terms, are very low, of the general order of magnitude 
of 1000 p.p.m. In somewhat higher concentrations, but in absolute terms 
still very low, these compounds often result in death of the plant. 

Realization that auxins, when applied in relatively high but actually 
very low concentrations, exert toxic or lethal effects on plants led to the 
suggestion that they could be employed for the purpose of killing weeds 
or other noxious plants. The phenoxyacetic acids (Zimmerman et al., 
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1942 1944) have proved especially effective as herbicides. The most 

widely used of these has been 2,4-dichlorophenoxyacetic acid (“2,4-D ), 
although numerous other organic compounds with hormone-like effects 
on plants also show promise as herbicides. The results of tests on the 
growth-inhibiting activity of over a thousand different organic com¬ 
pounds are listed by Thompson et a!. (1946), who also summarize previ¬ 
ous work on the chemical control of plant growth. Most of the compounds 
which they list are not auxins in the usual sense of the word, but all of 
them may be classified, broadly speaking, as plant hormones or growth 

re Thf effects on plants of 2,4-dichlorophenoxyacetic a «d may be taken 
as an example of the action of an auxin-like herbicide. This ™“P° u “ d 
readily absorbed from sprays or dusts when applied to leaves. It is 

quickly translocated to other parts of the plant and affects'^lLt 
meristems. The rapid distribution of this compound throughout the plan 
contributes greatly to its effectiveness as a toxicant Death results from 

derangements of metabolism, especially in the mens ems. o nn lica 

Different kinds of plants differ markedly in them reactions o appl ca 
tions of 2,4-dichlorophenoxyacetic acid. Cereal gr^ns aul most other 
grasses are less susceptible, for example, than most broad-leaved annua, , 
and most woody plants are less susceptible than most herbaceous species. 
This very selectivity of effect is one of the advantages of this compound^ 
and of many similar ones, as herbicides. Broad-leaved weeds can be 
eliminated from sugar cane fields or from lawns, for examp e, y PI 
tion of a spray in the proper concentration and at the proper vo um 

^BerideTus selectivity of effect, 2,4-dichlorophenoxyacetic acid has 
certain other advantages when used as a herbicide. The a so u 
trations required are very low. Many plants can be 1, » 

hv snraving with an 0.1 per cent solution at the rate of 5 g • P 

however^ rffl” 

plants other than those being ^^^““ion has been the chief 
^“^^0 use of *+*?*™^ 

compounds"use^asherbicides^'s^nlike that of 2,4-dichlorophenoxyacetic 
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acid. Isopropylphenylcarbamate, for example, in contrast with 2,4- 
dichlorophenoxyacetic acid is much more effective in killing certain 
grasses than broad-leaved annuals (Allard et al., 1946). 

It is convenient to mention several other growth inhibitors at this 
point, although whether or not they would be classed as hormones is a 
matter of definition. Coumarin favors cell enlargement in such plant 
tissue as oat coleoptiles and leaf blades at very low concentrations, but 
checks cell enlargement at all higher concentrations (Thimann and Bon¬ 
ner, 1949; Miller and Meyer, 1951). Similar checking effects upon root 
elongation have been found for certain coumarin derivatives (Goodwin 
and Taves, 1950). Another growth inhibitor which has attracted consid¬ 
erable attention is maleic hvdrazide (Schoene and Hoffmann, 1949). 
Applied to plants in relatively low concentrations (about 0.4 per cent) 
this compound results in a general cessation of growth. At somewhat lower 
concentrations loss of apical dominance is evident, and axillary buds start 
to grow soon after treatment. At certain concentrations flowering appears 
to be largely suppressed without much suppression of vegetative develop¬ 
ment (Chap. XXXII). Plants of various species seem to be affected in 
essentially the same way by this compound (Naylor and Davis, 1950). 

Mechanism of Auxin Action.—The earlier attempts to elucidate the 
mechanism of auxin action mostly centered around proposed explanations 
of the part played by such compounds in cell elongation. Auxins appear 
to have two main effects in this process: they cause an increase in the 
plasticity of the wall, and they participate, directly or indirectly, in the 
reactions whereby additional cellulose molecules are deposited within 
the wall. With the growing realization, however, of the large number of 
growth reactions conditioned by auxins, it has become obvious that these 
compounds must play a role in some pivotal metabolic process. The 
apparent necessity of specific chemical structure for a compound to act 
as an auxin, mentioned earlier, also suggests a particular metabolic role. 
The effect of auxins on cell wall development is, therefore, now generally 
considered to be, not a direct one, but only one possible end expression of 
fundamental auxin-conditioned or regulated metabolic processes. 

There is considerable evidence that the auxins act primarily in a 
catalytic or regulatory capacity in some phase of the carbohj'drate 
metabolism of plants. A suggestive finding in this connection is that 
introduction of auxins into leaves or cuttings induces a marked hydrolysis 
of starch (Mitchell and Whitehead, 1940; Bausor, 1942). Auxin also 
appears to participate in some part of the respiratory process (Com¬ 
moner and Thimann, 1941; Berger et al., 1946), but the exact nature of 
this relationship has not yet been traced. A significant fact in this con¬ 
nection is that auxins exert their effects only under aerobic conditions. 
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The discovery by Wildman and Bonner ( 1947 ), that certain auxm-protcin 
complexes from^spinach leaves possess phosphatase act.vrty may prove 
to be a significant one in allocating a specific role o the auxins. A It lough 

the question of the metabolic role of the naturally-occurnng auxms ^ 

yet eludes a definite answer, it seems practically ccrtnir, hat the> opera^ 

as carriers, coenzymes, or prosthetic groups in some i iri ctaboli-m 

system which plays a part in carbohydrate or organ, acid mOaboil-nb 

The inhibiting as well as the acceleiating t <c s o ti j f we 

accounted for in any hypothesis of the mechanism of^theu aet.om H - 

accept the likely assumption that an ** ‘ able tQ pos t u late that two 

the prosthetic group of an enzyme, it is ‘ specific group 

fundamental properties of its molecules would be a si com 

which reacts with the substrate molecules, and 21 th - - 

tural configuration to combine in some manner with the prote 

of the enzyme (Skoog et al, 1942). incidentally is also appli- 

Viewed in the light of h£TtStntion. of'an 

cable to other enzyme systems) , relati 6 gome of the 

active auxin may result in inhibitory t < c s ‘ n the protein component 

auxin molecules preempting all free posi ions attached to substrate 

of the enzyme, while others become chemically at aebc to 

molecules. This effectively blocks the ^ s ^at substrate 

when the protein and auxin Optra c a. . oU .j n through auxin bridges 

molecules become linked temporarily result from the 

Inhibition of auxin-controlled react.™* .^.fitot witT an auxin-likc 
presence in the metabolic system o e '°" , )y one Q f the two prop- 
structure (Skoog, 1947) winch possess J at all . If such 

erties listed above, andpacity of combining with the protein .1 
a compound possesses only - positions in the proton complex 

may act as an inhibitor by occupy. n «^™‘.c a .«in?. On the other 
which would otherwise be taken V property of reacting 

hand, if the auxin-like which can only take 

chemical bridge between the protein 

^Cc^ta^n'eompounds^often <nrlled^anffoa^”®'^ r ® ^pj'^ts. 0 Among 

counteract the usual grow -en . 1945) and maleic hydrazidc 

these are coumann ^ention^l earlier in this chapter as 

Stwwto”'Another Intia^n 

*£ 31 .... — - - 

auxin. 


570 


PLANT HORMONES 


Other Plant Hormones. —The auxins are only one kind of a number of 
hormones occurring in plants. Some of the other compounds in this cate¬ 
gory have been isolated from plant tissues; the existence of others is 
inferred from the occurrence of various physiological reactions; other 
such substances doubtless are as yet undiscovered or unsuspected. 

Traumatic Acid .—Haberlandt (1921) showed that if freshly cut plant 
tissue is immediately rinsed with water, very few cell divisions occur in 
the cells adjacent to the wound. However, if the wounded area is smeared 
with finely ground tissue of the same species cell division takes place. 
This result led him to postulate the existence of substances which he 
called “wound hormones” in injured tissues, which are required if cell 
division is to be engendered in the cells bordering a wound. 

More recently English et al. (1939) have succeeded in extracting from 
bean pods and purifying a compound called traumatic acid which acts 
like a “wound hormone.” This compound has the following formula: 

HOOC • CH=CH • (CHo) 8 • COOII 

Traumatic acid induces extensive wound periderm formation in washed 
disks of potato tuber. It is probable that there are also other “wound 
hormones” present in plants. 

Calines. Went (1938) has postulated the existence in plants of a 
group of hormones which he calls the calines: (1) rhizocaline, made in 
the leaves and necessary for root formation; (2) caulocaline, svnthesized 
in roots, but necessary for elongation of stems; and (3) phyllocaline, 
made or at least stored in cotyledons, and necessary for leaf growth. It is 
also considered that rhizocaline and caulocaline may be stored in seeds. 
Most of the evidence for the existence of such hormones in plants is indi¬ 
rect and the effects attributed to these hypothetical hormones may actu¬ 
ally turn out to result from the activity of substances already well known 
to have important influences on the growth or metabolism of plants. 
Galston and Hand (1949), for example, have obtained evidence that 
adenine (Chap. XX) has effects on plants analogous to those of the postu¬ 
lated calines. The calines are discussed further in the following chapter. 

ormones of Reproduction. Several hormones are known or believed 
to play a role in the reproductive process of plants. Among these are 
the ubiquitous auxins, the “embryo growth factor,” and the postulated 
"flongen” (Chap. XXXI, Chap. XXXII). 

Vitamins. From the standpoint of human physiology the vitamins 
constitute a group of specific organic substances which must be supplied 
in the diet, but which are required in relatively small, often only minute, 
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quantities compared with carbohydrates, fats, and proteins. From the 
standpoint of living organisms in general, for reasons discussed Uter 

vitamins must be regarded simply as one 

group of growth and metabolism regulators wh.ch cannot be sharply 
^^fplclp 0 ” substances'rMogniaed as vitamins in human and animal 

nutrition are listed in Table 42. Chemically they const.tute a very hetem- 

malfunctioning often evidence as a P resulting from ascorbic acid 

deficiency diseases of man, such a % s ;^J“deficLc y , have been 
deficiency, and beri-beri, resu ing compara tively recent years have 
known for centuries, ajthcmgh only imftls ear to have vita- 

their causes been recognized. Utner nigi 

min requirements very similar to those of ^ incIuded in Table 

rw - - - — 

metabolism is not known. living organism to an- 

Vitamin requirements ieastLmc of then, 

other, but no plant or amm 1 k^t a i ^ ^ bc answered regard- 

are not essential. The fi r. organism is: Does the organism re- 

ing the vitamin physiology of a y g Pertain of the vitamins 

quire this specific vitamin in its-tebohsm? “an, animals. This 

appear to be necessary m the m of the so-called B complex. 

^Te other^l^d*,^certain vitamins seem to be essentia, m the metabohsm 

of only certain kinds of ° r B a ™’““ o anBWered regarding any essential 
A second fundaments ques the organism synthesise this vita- 

vitamin for a given organism is. ^ metabo ii c requirements? 

min in quantities adequate to Morganism is essentially "no" 

The answer to this ques necessary. The answer to the corrc- 

for all of the vitamins known to baeteria and fungi no 

sponding question for green plants ,s yes. 
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categorical answer is possible since the vitamin-synthesizing capacities 
of such organisms vary greatly from one species to another, and even 
from one variety of a given species to another. 

For many years it has been known that, in the culturing of bacteria 
or fungi on artificial media, it is necessary to introduce some organic 
material such as potatoes, peptone, oat or corn meal, yeast extract, dung, 
or wood into the medium in addition to sugar and other pure chemicals 
if growth of the organism is to occur. Only in comparatively recent years 
has it been recognized that these organic materials are sources of essential 
growth substances, some of which, at least, are identical with the known 
vitamins. 

Direct experimentation has demonstrated that many bacteria and 
fungi cannot synthesize certain of the vitamins which they require, or 
at least cannot synthesize them in sufficient quantities to permit opti¬ 
mum growth even when all other growth conditions are favorable. If the 
substrate on which they are growing is deficient or lacking in one or more 
of the necessary vitamins, development of the organism will be retarded 
and may cease entirely. By systematic addition of the various vitamins 


TABLE 42-THE VITAMINS 


"Alphabetical** 

Designation 

Name 

Molecular Formula 

Vitamin A 

Hydrolytic product of 
carotene 

CjoHsOH 

Vitamin B 
(Complex) 

Thiamine chloride hydro¬ 
chloride (Bj) 1 

Riboflavin (B», vitamin G) 
Nicotinic acid (fliacin) 
Pyridoxinc (B») 

Pantothenic acid 

Inositol 

Biotin (vitamin H) 

Folic acid 

/>-amino benzoic acid 

CuH 18 N 4 SOC 1 , 

C17H20N4O5 

QH^N • COOH 

CsH u NOi 

C*H„NO, 

C&HijOe 

C,oHi«QiNtS 

Cu,Hj»NjO« 

NH 2 CeH 4 COOH 

Vitamin C 

Ascorbic acid 

CJ-IgOa 

Vitamin D 

Derivatives of ergosterol, 
cholesterol, and other 
sterols 

CaH„OH 

(activated 

dehydrocholesterol) 

Vitamin E 

a-tocopherol (and others) 

CaHwO, 

Vitamin K 

Ki: 2-methyl, 3 phytyl, 

1,4-naphthoquinone 

Kj: 2-methvl, 3-difarnesyl, 
1,4-naphthoquinone 

CM& 
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to a vitamin-free medium on which an organism is cultured it is possible 
to ascertain which of the essential vitamins that organism must obtain 

from its substrate. 

It is probable that the vitamin requirements of all fungi are very 
similar; but different species differ greatly in their vitamin-synthesizing 
capacity. Many species, for example, cannot synthesize thiamine in ade¬ 
quate quantities (Robbins and Ma, 1943). Hence, unless this compound 
is present in the substrate, the fungus will be retarded in development 
as a result of the thiamine deficiency. Incapacity to synthesize adequate 
quantities of biotin, pyridoxine, pantothenic acid, inositol, and nicotinic 
acid have also been demonstrated for many species of the fungi (Burk¬ 


holder and Moyer, 1943). . 

It has already been mentioned that all of the known vitamins, or at 

least their immediate precursors, are synthesized in higher green plants^ 

Whether or not all such compounds are essential in the metabolism of 

green plants is an open question. The evidence regarding this point must 

of necessity be somewhat indirect. There are no good reasons ho«ever 

for believing this to be true of vitamins A, D, E, and R. On the ot 
hand, thiamine, nicotinic acid, riboflavin and pyridoxine are knownto 
be constituents of the prosthetic groups or coenzymes of important en¬ 
zymes found in vascular green plants (Chap. XXII, Chap. X- 
are probably necessary in the metabolism o all living eel s in such 
organisms. It is highly probable that some, and perhaps ah, of the other 
B vitamins are required by green plants (Bonner and Bonner 1948) 
and ascorbic acid may also be an essent.al green pUnt v.ta^nJCarroll, 
1943). The structural formulas for several of the B ^ 

to be indispensable in plant metabolism are given in Table 43, 

aB Although tlm higher green^anhMippcar to be self-sumeing with regard 
to necessary vitamins, and such compounds are widely distributed 

Some narts of a plant are dependent upon other parts for certain neces- 
'sary vitamins. Experiments on excised rooUof ^ 

Such downward translocation of thiamine, an rRonner 1944) 

ami pyridoxine, has been demonstrated in.fie tomaW 
This is probably also true of nicotinic acid. Upward 
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thiamine from older to younger leaves also occurs. There is also evidence 
for a similar downward translocation of ascorbic acid in plants (Reid 
and Weintraub, 1939). On the other hand, roots of at least some species 
appear to synthesize certain other vitamins in such quantities as not to 
be dependent upon the tops for a supply of these compounds (Chap. 

XXIX). . , . A1 . 

The growing embryo and endosperm in the developing seeds of at least 

some kinds of plants appear, like roots, to be dependent upon transloca¬ 
tion from other parts of the plant for necessary thiamine. In wheat, for 


TABLE 43-STRUCTURAL FORMULAS OF CERTAIN VITAMINS 
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VEGETATIVE GROWTH 


That plants more or less continuously increase in size and develop 
new organs at least intermittently throughout their life history is one of 
the most self-evident of natural phenomena. The term “growth” is pop¬ 
ularly employed to designate this complex of processes and, in a loose 
sense, at least, is so employed by botanists. Growth is the one plant 
process with which few persons are unfamiliar, even if they have never 
observed it on any larger scale than a potted plant on a window sill. 
For farmers, horticulturists, foresters, and all others who depend upon 
the productivity of plants for their livelihood, the phenomenon of plant 
growth holds the center of the stage of interest. 

In many discussions of plants as living organisms emphasis is laid 
upon the “structure” and “function” of various organs and tissues. Most 
such discussions overlook or at least fail to emphasize that structure 
is also a result of “function” if this latter term is considered to refer to 
physiological activity. The coordinated development or growth of plant 
organs and tissues is just as clearly a form of physiological activity as 
such relatively simpler processes as photosynthesis and respiration. How¬ 
ever, because of the complexity of the process, the physiology of growth 
has been studied much less intensively than the end products—cells and 
tissues—of growth activity. 

Assimilation. —The dry matter which is incorporated into the structure 
of both protoplasm and cell walls during growth comes almost entirely 
from foods. The process whereby foods are utilized in the building of 
protoplasm and cell walls is called assimilation. In the synthesis of pro¬ 
toplasm the foods assimilated are largely proteinaceous, whereas those 
assimilated in the fabrication of cell walls are almost entirely carbohy¬ 
drates. The chemical reactions involved in assimilation are principally 
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of a kind in which relatively simple, soluble foods are converted into 
complex insoluble constituents of cell systems. These reactions are c - 
a^ed by enzymes. As a result of assimilation a growing region invariably 

increases in dry weight during growth. 

Apparent exceptions to the principle of increase ,n dry weight dun g 

synthesis in the developing seedling. Similarly, ■ , sc 

spring, nr,nr ,hr bud. bt .Odd, *„S y 

occurs in the total dry weigh P . , . , • t ^ e n j g ht hours. Such 

plant steadily decreases in total dry weight dur ng the ms 

examples, however, only obscure the crucial ^^ C J r ^ 0 J K | uch 

r, r-Li pb,.,o. 

The simplest connotation of tl But increase in 

size; in this sense a crystal or a rollmg now all grow, . ot 

size, although the most obvious aspect 

the process, which is, in turn, a co p a ^ other aspcct Q f growth 

Differentiation, which is of s*™ follows cell division an<! enlargement, 
which precedes, accompanies, nrotonlasm in a cell precedes its 

Physiological differentiation ‘^^n ltinues throughout the 
division. Such physiologica , t cd at first by size and shape 

development of the cell, being supp' during the enlargement phase 

differentiation whichOre ontogeny of the cell by struc- 
in the growth of a cell an • jj W alls. 

tural and chemical differentia ion thc c ell-division and ccll- 

Many authors restrict the gro wth thus defined, on 

enlargement processes, and dis &> tnjctura) differentiation), on the 
the one hand, and differentiation («. . ^ tcnn "differentiation is 

other, as separate phenomena. Wh wth , it can be assumed to 

used without qualification in refere b needed, however, to 

refer to structural differentiation. So,neater ^ ^ ^ constit uent 

designate the overall process wh y tural an d suitable term for 

tissues develop. “Growth" .. the most ™ ^ Scparatc phases 

this process and will be used .n tb “ tcrms “ CC U division,” cell 

of the growth process are designated by 
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enlargement” (or elongation) and “cell differentiation.” This latter phase 
of growth is called cell maturation by some authors. 

The discussion in this chapter is restricted to the vegetative growth 
of vascular plants, i.e., to the development of the roots, stems, and leaves. 
Reproductive growth—the formation of flowers, fruits, and seeds—is 



Fig. 130. Diagram of the root tip 
of a dicotyledon showing origin of 
first, vascular elements. Redrawn 
with modifications from Esau 

(1043). 


considered in Chap. XXXII. 

Meristems. —Growth does not oc¬ 
cur indiscriminately in all parts of a 
plant but is initiated only in cer¬ 
tain tissues of restricted distribution 
called meristems. A meristem is a 
tissue in which, under favorable con¬ 
ditions, new cells are more or less 
continually being formed as a result 
of repeated divisions of some or all 
of the cells. As a result of the subse¬ 
quent further enlargement and struc¬ 
tural differentiation of cells originat¬ 
ing in a meristem, various tissues are 
developed according to a pattern 
which is more or less distinctive for 
each species. 

The most important meristems in 
the body of the majority of vascular 
plants are the apical-root (Fig. 66) 
and apical-stem (Fig. 140) meri- 
stems, and the vascular cambium 
(Fig. 51). An apical-stem meristem 
is present at every stem tip includ¬ 
ing those of quiescent or dormant 
buds, an apical-root meristem is 
present at every root tip, and a vas¬ 
cular cambium is present in the 
stems and roots of gymnosperms and 
most dicotyledons. Differentiation of 
these three major meristems occurs 
very early in the ontogeny of an 
individual plant. 

Intercalary meristems are also 
present in many kinds of plants. 
These are found in the stems of 
some species and also in the leaves 
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of certain species, especially monocots. In stems, intercalary meristems 
are most commonly located just above the nodes, as in corn and other 
monocots; but in some species they occur just below the nodes as in some 
mints; and in still other species they occur in the middle of the node. 
Leaves of grasses, iris, and some other kinds of monocots have basal inter¬ 
calary mcristems. Tl.is fact can be attested to by anyone who has ever 
pushed a lawnmower. An intercalary meristem can be regarded as a por¬ 
tion of an apical-stem meristem which has become separated from the 
latter by differentiation of tissues between it and the intercalary meri¬ 
stem. These mcristems ultimately disappear, sooner or later in he l e 
history of the plant becoming entirely converted into nonmenstcmatic 

U Whether or not a meristem will be active at a given time depends 
upon both environmental and internal conditions. Most “P'oal-stern 
meristems of the woody plants of temperate zones, for example, < 
active during the winter months, largely because of unfavorable env - 
ronmental conditions. This is particularly true during thei .at er pa 
of the winter when the buds of most^uchspecies have 
condition of dormancy (Chap. XXXIV )■ 

issti jsssrrs, 

axis at both stem and loot ti| . , • rcspons i»,lc for the formation of 

ing system of the stems and roots and ™onsi 

lateral appendages such as root hairs, le. . plant. This 

In many species the primary issues j,™ , s gvm ,.o- 

is true of the pteridophytes and of many not on £ groW 

sperms and most dicotyledons, of ( i, c fundamental tissues 

more or less continuously iy a 1 increase in diameter as a 

of which these organs are composed, but al o 

result of the activity of the vascular cambium. stems and 

Some increase in diameter may occur, ^l.owcve ^ ^ ^ 

roots which do not possess “-('primary growth may continue for some 
of a young stem as a res P ^ gion „f flic stem has ceased, as 

amsulfof TZTZZ T of cel. 

^r^Sr^entire body of the plant, this is the 
sole mode of growth in diameter. 
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Tissues which arise as a result of the growth activity of vascular or 
cork cambiums are called secondary tissues (see later). 

Culture of Excised Plant Organs and Tissues on Synthetic Media.— Cul¬ 
ture of Root Tips .—The idea that the cultivation of excised plant and 
animal tissues or organs on sterile media would be a valuable technique 
in investigations of certain aspects of growth and metabolism has been 
entertained by physiologists for many years. To date, however, only 
plant tissues have been successfully cultured on purely synthetic media. 
The development of plant tissue culture techniques is reviewed by White 
(1943). 

Excised root tips were the first plant part to be successfully cultured 
as isolated organs on sterile synthetic media. Tips of very young roots 
are cut off and transferred aseptically to a sterile culture medium. If 
the latter has a suitable composition (see later) and environmental con¬ 
ditions are favorable, the root tips continue to grow and branch at rates 
approximating those of roots attached to the plant. After a week or 
longer one or more root tips on an original explant may be cut off and 
transferred as before. This procedure can be continued indefinitely, and 
tomato roots have been maintained in sterile culture, with weekly trans¬ 
fers, for more than seven years. 

The fact that the roots can be subcultured repeatedly shows that 
the only requirements for their maintained growth are the substances 
in the culture medium, since calculations indicate that, after a year 
or more, the material of the original root tip has become so diluted 
that many of its progeny, after successive subculturing, could not con¬ 
tain even a single molecule from the original root tip. Considerable inter¬ 
est therefore attaches to the substances which must be present in the 
culture medium if potentially unlimited growth of roots is to occur. 
Earlier investigators soon foun'd that the only necessary constituents 
which must be introduced into the medium (water or a dilute agar gel) 
were a carbohydrate (sucrose is generally used), essential mineral salts, 
and a trace of some organic material such as yeast extract. More recently 
it has been found that certain specific hormones or mixtures of hormones 
can be substituted for the yeast extract. 

The hormones which must be present in the culture medium as sub¬ 
stitutes for the yeast extract differ according to the species of root. 
Bonner and Devirian (1939) and Bonner (1940) list the necessary re¬ 
quirements for ten species. For all ten it was essential that thiamine 
be present in the medium if good growth was to be maintained; for flax 
roots no other growth substance was found necessary. For pea, radish, 
alfalfa, clover, and cotton roots nicotinic acid must also be present; for 
tomato and carrot roots, pyridoxine; for Datura and sunflower roots 
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both nicotinic acid and pyridoxine. Slow rates of growth, however, could 
be obtained with some of these species without addition of any hormones 


to the medium. 

Even roots from different varieties of the same species may react 
differently to the presence of hormones in a culture medium. Although 
apparently not required for the usual growth of tomato roots, some strains 
show a further increase in growth if nicotinic acid is also present in the 

medium while others do not (Bonner, 1943). 

An important inference to be drawn from these results is that roots 

do not synthesize, or at least do not synthesize in adequate quantities, 
those hormones which must be present in the medium if excised roots are 
to maintain a good rate of growth. In intact plants t.iese sui >s ances 
are translocated from aerial organs to the roots. Bot 1 in eren m , an 
some direct, evidence indicates that other growth substances, presuma^ y 
also required in root metabolism, are synthesized in adequate quan 1 ies 
in the roots of at least some species. Among these are auxin, biotin 


(Bonner, 1940), and riboflavin (Bonner, 1942). . 

It has not yet been found possible to obtain continued growth m 

sterile culture of excised roots of a number of species w uc i 

tried. This has been particularly true of the roots of monocotyledons. 

Almestrand (1950), for example, in spite of extensive experimentation 
was unable to obtain continued growth of excised barley or oat roots 
in sterile culture. It seems probable that unknown growth » 
required for continued growth of such roots, am t m in ''' n3 

these factors may be translocated to the roots rom le , 

Culture of Excised Stem Tips .-The first fully successful attempts 

to culture excised stem tips on sterile media were lose wer ^ 

1946) who used the stem tips of asparagus. The exclsc twenty- 

cultured through a series of thirty-five trans ers mer a p -pile 

two months. Growth thus appeared to be potentially 

only constituents found to be essential in ie ag “ . . j under 

were sucrose and mineral salts. These results were ob amed ordy under 

diffuse light; in darkness growth of ‘ he substances in such 

^ U LTn e th n S'the Ut .ig U ht but not in the 

ordinarily develop on the explants. The growth rate of he excised, roo^ 

less stem tips was considerably slower tian rates 0 f t he occasional 

intact plants under comparable conditions. r °™ greater than growth 
stem tips on which roots developed were considerably greater 


rates of rootless stem tips. 

Galston (1948) discovered that roots will form o 
asparagus stem tips in the dark but not in ie ig 1 


the base of excised 
if indoleacetic acid 
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is present in the medium. Stem tips subcultured in the dark continue 
to grow, but lose their capacity to root when later exposed to indoleacetic 
acid, although this capacity will be regained if the tips arc first exposed 
to light for a week in the absence of indoleacetic acid. One implication of 
these results is that some substance other than auxin which is necessary 
for root initiation is made in the stems in the light, and is depleted by 
prolonged culture in the dark. This substance may correspond to the 
so-called “rhizoealine” (see later). 

Stem tips of lupine and nasturtium have been cultured, but not sub¬ 
cultured, on sterile media containing only sucrose and mineral salts by 
Ball (1946). Roots regularly fonned on the excised stem tips of these 
species with the end result that complete plantlets developed in the cul¬ 
tures. Somewhat similar results were obtained by de Ropp (1946) with 
excised stem tips of rye. Continued growth of stems and leaves in the 
dark occurred only on those isolated stem tips on which roots regenerated; 
when roots failed to form growth was confined to the first leaf. 

Culture of Plant Tissues on Synthetic Media .—Cultures of excised stem 
and root tips can most appropriately be referred to as organ cultures. In 
contrast with such cultures arc those in which individual tissues of plants 
have been used. As examples of such work may be cited the culture on 
sterile media of “callus” tissue developed from the procambium of to¬ 
bacco stems (White, 1939a), of cambium (Gautheret, 1949), and of 
bacteria-free crown-gall tissue of sunflower (Riker and Gutsche, 1948). 

The technique of tissue culture affords one important mode of approach 
to the problem of the conditions governing the differentiation of organs. 
Tobacco callus tissue continues to develop as an undifferentiated mass 
of cells on the surface of the medium, but if submerged in an aqueous 
medium develops stems and roots (White, 1939b, Skoog, 1944). Further 
investigations (Skoog and Tsui, 1948) have showed that auxins (indo¬ 
leacetic acid, a-naphthalcne acetic acid) favor root initiation on such 
callus tissues, but inhibit bud formation. Adenine (Chap. XX) and cer¬ 
tain other chemically similar compounds were found to have a seemingly 
specific effect in inducing bud initiation on such tissues. Further devel¬ 
opment of buds into plantlets, however, required that roots also be 
present. 

Dynamics of Primary Growth.—Most of our knowledge of the cellular 
dynamics of primary growth (growth initiated at apical meristoms) has 
been gained from the study under the microscope of thin sections of 
tissue cut longitudinally through apical stem or root meristems or cut 
crosswise at different distances back from the tip of such meristems. 
Since the developmental stages through which the cells at any level of 
a stem or root axis pass can be found at any given moment in successive 
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levels of the axis, each in turn further away from the apex, the pro¬ 
gressive series of modifications which cells undergo during the growth 
process can be inferred from a study of such tissue sections under the 
microscope. This is an indirect approach to the problem of growth 
dynamics since such sections portray to us only the results of growth 
activity up to the moment the tissue was killed and cannot convey any 
impression of the cellular dynamics of the process. Another difficulty 
with this approach is that it does not permit observation of the behavior 
of any single cell and its progeny through the exact series of changes 
which they undergo during growth. In spite of the limitations o t ns 
method it has been possible to infer many important facts regarding 
the behavior of cells during growth by a study of thin sections of tissue 


cut through growing regions. , 

Primary Growth of Roots.— Examination of a median longitudinal 

section through a root tip (Fig. 66) shows that the region just ac o 

the root cap is one of intense meristematic activity. The very youngest 

part of this meristematic region is called the promeristem. The central 

portion of the root promeristem becomes transformed, during growtn, 

into the procambium from which develop, in turn, the v &scu ar issu 

The cells throughout the meristematic region are relatively sma , 

thin-walled, and approximately isodiamctric. The vacuo es are minu , 

and the nuclei are relatively large, although in abso ute size ie> 

smaller than in mature cells (Trombetta, 1939). InterceHular spaces 

are lacking. Cell divisions are of frequent occurrence in is re 

are accompanied by some enlargement of the cells. .. , 

From certain of the apical cells of the promens cm, called mUmls, 

originate, directly or indirectly after intervening ce ’ htcr ce ii g 

cells formed in the growth process at a root tip. ne o 
resulting from each division of an initial retains its pos * nd[ ' d ™ 

tity as an initial. From several to many generations of cell prog y y 
arise from the other, but ordinarily all of the 

daughter cell become differentiated into cel s c larac e s formed 

of which they become a part. The cells of the -ot cap are^also Joined 

from the initials. Cell divisions in an apical roo us giving rise to 

longitudinally and in variously oriented lateral planes, g 

the typically cylindrical configuration of a root^ fe • on __ fieldom more 

Just back of the meristematic zone is continues but 

than a millimeter in length—in which elonga ion o . f U 

in which cell divisions have ceased. 

is an integral part of the growth P roce88 ' gize of c g elle occurring during 

cell division, but usually the increase in taking place subsc- 

this phase of growth is small compared with that taking p 
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quently. Increase in the volume of all cells does not occur equally, neither 
do they all enlarge symmetrically along all axes. Hence cells of very 
diverse sizes and configurations arise in plant tissues. 

The fact that during enlargement cells acquire a wide assortment 
of sizes and configurations requires that each cell must in some manner 
become adjusted to the changes in size and shape which take place in 
adjacent cells. A given cell may, for example, be in contact with other 
cells which have very different rates of enlargement. Several methods 
by which such an adjustment in configuration can be accomplished have 
been suggested, but one of the most important appears to be that of 
different rates of expansion in different parts of the wall of a given cell 
(Sinnott and Bloch, 19391, the rate in each area of the wall correspond¬ 
ing to that of the area of the wall of the adjacent cell with which it is 
in contact. 

Since many of the cells originating at an apical-root meristem enlarge 
principally in a direction parallel to the long axis of the root, this phase 
of growth is often called cell elongation. The continued formation of new 
cells by division and their elongation result in projecting the root tip for¬ 
ward, which is one of the most obvious manifestations of its apical 
growth. 

Differentiation of some of the kinds of cells in a growing root axis 
occurs much closer to the apex than others. Particular interest attaches 
to the stage in the growth of a root at which the vascular tissues develop, 
because of the part played bv them in translocation processes. In roots 
both xylem and phloem differentiate only acropetally and as continua¬ 
tions of the older xylem and phloem in the more basal part of the root. 
In general, phloem tissues differentiate much closer to the apex of the 
root than xylem tissues. In tobacco root tips developing sieve tubes are 
present within less than 200 fx of the apex of the meristem, which is well 
within the region in which cell divisions are occurring (Esau, 1941). First 
differentiation of xylem tissues in this species, on the other hand, occurs 
at least twice as far back of the apical initials as first differentiation 
of phloem tissues (Fig. 1391; this is within the region in which elonga¬ 
tion of many cells is still in progress. 

Techniques by which the dynamics of the growth process in living 
root tips can be observed while actually in progress have been devised 
and used by Brumfield (1942) and Goodwin and Stepka (1945). In the 
root tips of timothy (Phleum pratense), used in these investigations, 
two rather distinct regions can be recognized in the meristematic zone. 
One of these, about 300 |x long, lies immediately adjacent to the root cap 
and is characterized by a relatively slow rate of cell division accompanied 
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by a limited amount of cell elongation. Just back of this region is a 
shorter zone—about 125 [x long—in which cell division and cell elongation 
are both relatively rapid. Cells in this region are simultaneously dividing 
and vacuolating. Back of the meristematic region is a zone about 600 ;x 
long in which cell divisions have ceased, but in which cell elongation con¬ 


tinues slowly. 

As previously described for the tobacco root, differentiation of sieve 
tubes occurs in the roots of timothy well in advance of differentiation 
of xylary elements. Fully differentiated sieve tubes are present within 
230 |x of the base of the root cap. The youngest xylary elements to show 
characteristic secondary wall thickenings were not found to be present 
closer to the root tip than a point 740 n back of that at which fully differ¬ 
entiated sieve tubes are present. As in the tobacco root, differentiation 
of sieve tubes is completed well within the region in which many cells 
are still dividing; differentiation of vessels begins in the upper part of 
the region of cell elongation. The first phloem elements to form in a 
root tip are usually crushed or distorted by the continued division and 
elongation of surrounding cells. Likewise, the first vessels to form are 
usually stretched and often torn or destroyed as a result of the continued 


elongation of surrounding cells. . . 

Primary Growth of Stems— The meristematic region at a stem tip is 

fundamentally similar to that at a root tip, but its behavior is more 
complicated since growth at a stem tip involves not only proliferation 
of the stem axis, but also the formation of leaves and other lateral organs. 
The youngest and most apical portion of a stem tip is called the promcr- 
istem; this is not more than a few hundred microns in length (Fig. 140 • 
During growth a part of the promeristem is gradually transformed into 
a procambium from which the primary vascular tissues develop. 

The cells in a stem tip meristem have thin, delicate walls and are 
approximately isodiametric. During active growth cell divisions are of 
frequent occurrence throughout this region. The mass of cells in the men- 
stematic region appears to be in a highly plastic condition, and its con¬ 
tinuity is not interrupted even by minute intercellular spaces The nuclei 
are relatively prominent, although actually they are smaller than in ma¬ 
ture cells (Trombetta, 1939L The cells in the younger portions of api ea¬ 
stern and other meristems contain only minute vacuoles (Zirkle 193/). 
The cells in older portions of an apical-stem meristem a^'V evnknce^of 
the simultaneous occurrence of division and vacuolatio y ’ , 

As in the promeristem of roots there is present at or near the apex of 
the promeristem of stems one or more initials A1 new oe | l» fo™ed at 
any growing stem tip originate from these persistently meristematic 
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Cell divisions in apical-stem meristems occur both longitudinally and in 
various lateral planes, thus giving rise to the more or less cylindrical con¬ 
figuration of the typical stem. 

As in root-tip meristems some enlargement of cells occurs during the 
cell division phase of growth, but in the development of many kinds of 
cells most enlargement or elongation occurs after cell division. As in roots, 
cells of very different shapes and sizes arise as a result of differential en- 



Fig. 140. Longitudinal section of the apical-stem tip of coleus. The apical men- 
stem appears between the two first, only partly developed, leaves. Just below, 
appearing as shoulders on the sides of the stem, are bases of the second pair of 
leaves, which are borne oppositely to the first pair. Farther below is the third 
pair of leaves in the axils of each of which is a young lateral bud. Distance from 
the top of the apical meristem to the base of the section is 0.86 mm. Photo¬ 
micrograph by Tillman Johnson. 
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largement. Many cells become distinctly elongate in shape during this 
phase of growth. During enlargement of cells in an apical-stem meristem 
intercellular spaces may be formed. Both the continued formation of new 
cells by division and their elongation contribute toward the lengthening 
of a stem, which is one of the most obvious aspects of apical stem growth. 

Cell division in stems is generally restricted to the uppermost inter¬ 
nodes, but the elongation of cells often extends over a long series of in- 
temodes. The rate of elongation becomes progressively slower, however, 
with increasing distance of the internode from the stem tip. The elonga¬ 
tion region back of a stem tip is sometimes as much as 10 cm. in length, 
and in tw'ining plants even longer. 

Investigators of the differentiation phase of growth in apical-stem men- 
stems have focused most of their attention on the development of the 
vascular tissues. The first vascular strands to appear in stem apices orig¬ 
inate in connection with the developing leaf primordia. The details of 



7 



Fio. 141. Diagram of an apical meristem of tobaccot^yienl^e^c^i^each leaf, 
ment of leaves and position of first sieve tube and first xylem 

Redrawn from Esau (1 VHo). 
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this differentiation process have been studied by Esau (1938, 1943a, 
1943b, 1945) in tobacco, flax, sunflower, and elder. Differentiation of 
procambium, in continuity with the procambium of the older bundles in 
the axis, and acropetally into the leaves, precedes differentiation of the 
vascular tissues. As in roots phloem tissues differentiate earlier in the 
ontogeny of a stem than the xylary elements of the same strand (Fig. 
141). The first xylem generally appears at the base of the leaf primordium 
or in the primordium itself, whence it differentiates both acropetally into 
the leaf primordium and basipetally into the stem axis until it unites 
with older strands of xylem. Differentiation of the phloem, on the other 
hand, appears to occur only acropetally into each leaf primordium as a 
continuation of the older phloem in the stem axis. Crushing, or distortion, 
or stretching of the first phloem or xylem elements formed in a stem tip 
may occur in much the same manner as in a root tip as previously de¬ 
scribed. 

Physiological Aspects of Cell Division .—The portion of a meristem in 
which cell divisions are of frequent occurrence is a center of intense assim- 
ilatory activity. Since every cell formed as a result of mitosis contains its 
own complement of protoplasm, and since every cell division involves the 
formation of a cross wall between the two daughter cells as well as some 
extension of existing walls, both carbohydrates and proteinaceous foods 
are assimilated in relatively large quantities during cell division. Cellu¬ 
lose, pectic compounds, and other cell-wall constituents are synthesized 
from the molecules of simple soluble carbohydrates. Protoplasmic pro¬ 
teins arc formed from amino acids, acid amides, or related compounds. 
Such substances are probably transported to meristems from the tissues 
in which they are synthesized, although it is possible that some of them 
may be synthesized in meristems from carbohydrates or derivatives there¬ 
from, and from nitrogenous compounds. The close interrelation of growth, 
protein synthesis, and respiration is stressed in Chap. XXVI. 

Utilization of water in the hydration of newly formed protoplasm and 
cell walls, and to a limited degree in vacuolation, also occurs during cell 
division. 

Certainly most and probably all of the essential mineral elements must 
be present, as constituents of one kind of compound or another, in men- 
stematic cells if their physiological activity is to continue unimpaired. 
Some of these are translocated to meristematic cells as simple inorganic 
salts, others as components of more complex organic compounds. 

During mitosis, therefore, a continuous translocation of water and 
various kinds of solutes is in progress toward the dividing cells. Significant 
in this connection is the fact that the sieve tubes, through which at least 
part of the solutes are presumably transported into a meristem, differen- 
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tiate well into the zone of dividing cells. Translocation of solutes beyond 
the limits of the vascular elements must be by cell-to-cell movement. 
Since the rate of movement of solutes into such cells is usually too rapid 
to be accounted for by diffusion, it seems likely that such cells possess 
the capacity of accumulating solutes or of accelerating the rate at which 
they are translocated as a result of metabolic activity. Much cell-to-cell 
movement of water obviously also occurs in meristems. Such passage of 
water from one meristcmatic cell to another is probably accomplished by 
osmotic and imbibitional mechanisms, although the possibility of a met- 
abolically activated movement of water through such cells cannot be 

entirely disregarded (Chap. VIII). 

Regions of dividing cells are invariably centers of intense respiratory 
as well as assimilatory activity, and considerable quantities ol carbohy¬ 
drates arc oxidized in such cells. A direct correlation has been demon¬ 
strated between the mitotic rate and rate ot oxygen consumption in young 
leaves (Beatty, 1946). Cell for cell the respiratory rate in mcristematic 
regions is higher than in fully differentiated tissues. Dividing cells utilize 
energy in various ways, a number of which are mentioned in ( hap. XXI. 

Maintenance of the process of cell division requires the presence in the 
cells of numerous growth-regulating substances. Many of these belong m 
the category of enzymes or coenzymes; others would ordinarily be classed 
as hormones or vitamins; all of them participate in essential reactions 

of the metabolic mechanism. 

As shown in the previous discussion, all species of roots that have been 
experimented with by the technique of sterile culture of excised root tips 
require that thiamine must he present in the medium if continued elonga¬ 
tion of roots is to occur. In addition, many kinds of roots require the 
presence of one or both of the compounds pyridoxinc and nicotinic acid. 
There is good evidence that in intact plants these substances are trans¬ 
located from the aerial parts to the root meristems (Chap. X.W III!. As 
mentioned earlier other important hormones such as riboflavin biotin, 
and auxin appear to be synthesized in adequate quantities in the roots 

of at least some species. . . 

Apical-stem meristems appear to he more nearly self-sufficient m s>n- 

thesizing essential growth substances than apical-root meristems As men¬ 
tioned earlier, excised stem tips of asparagus, for example on which roo s 
ordinarily do not develop, continue to grow in diffuse light for ong periods 
in sterile culture media to which no growth substances have been added 
Apical-stem meristems appear therefore to synthesize all necessary 
growth-regulating substances, although not necessarily in optima - 

titles. Nevertheless, formation of roots on such excised stem tips usually 
favors an enhanced rate of elongation of the stem, and there is evidence 
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that this effect is not principally a result of the presence of a better ab¬ 
sorptive system. A more probable explanation is that one or more hor¬ 
mones, synthesized in the roots, are translocated into the stems, favoring 
their more rapid elongation. This substance or complex of substances may 
correspond to the postulated “caulocaline” (Chap. XXVIII). Went and 
Bonner (1943) have presented strong circumstantial evidence for the 
existence of such a hormone in plants. That it need not come directly 
from the roots is shown by the fact that application of a diffusate from 
pea cotyledons or coconut milk has an effect on the growth of stems from 
which roots have been removed similar to that of attached roots. Aeration 
of roots appears to be an important factor in “caulocaline” synthesis, at 
least in the roots of many species (Went, 1943), and one cause of the 
injurious effects on plants of inadequate aeration of roots may be inter¬ 
ference with caulocaline synthesis. 

Physiological Aspects of Cell Enlargement .—The increase in size of 
plant cells involves an increase—often manyfold—in the volume of the 
vacuoles, and an areal extension of the cell walls. Some increase in the 
thickness of the cell walls also often occurs during this phase of growth. 
During the enlargement of a cell additional protoplasm is usually syn¬ 
thesized, but the increase in quantity of cell-wall material—principally 
cellulose and pectic compounds—is proportionately greater than the in¬ 
crease in quantity of protoplasm. Hence the proportion of carbohydrate 
to proteinaceous foods assimilated during cell enlargement is greater than 
during cell division. 

As cells increase in volume there is a movement of water into the en¬ 
larging vacuoles. Water is also used in the hydration of the protoplasm 
and cell walls which are constructed during cell enlargement. Relatively 
large quantities of water therefore become integral parts of each ce 
system during this stage of growth. In most kinds of plant cells, as they 
increase in size, the cytoplasm gradually becomes attenuated into a thin 
layer which lines the inside of the cell wall, against which it is held y 
the turgor pressure of the water in the vacuole. 

Regions in which enlargement of most or all of the cells is proceeding 
rapidly are centers of relatively high respiratory activity. Cell for ce , 
the rate of respiration of enlarging cells is probably not much less than 
that of dividing cells. 

Rapid translocation of both water and solutes is continuously in prog¬ 
ress into any region of enlarging cells. # 

Despite the presence of differentiated vascular elements, considerable 
ccll-to-cell movement of water and solutes must occur in meristematic 
zones in which cell enlargement is prevalent. The same mechanisms o 
water and solute movement are doubtless operative in this part of a 
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meristem as in the younger portion in which cell division is the predomi 

nant phase of growth. . .. 

As discussed in the preceding chapter, areal extension of cell walls 

occurs only in the presence of specific substances called auxins. 

Two main views regarding the mechanism of cell enlargemen ave 

been advanced. One of these holds that the cell wall must first be su - 

jected to elastic (reversible) or plastic (irreversible) stretc ing as a resu 

of a turgor pressure developed by the cell sap. The latter \ lew is sup 

ported especially by Heyn (1940). While in the stretc e con 1 ioni 1 

assumed that the material substance of the wall is increase , ei 

the intercalation of additional molecules in the wall (intussuscep io , 

by the deposition of additional molecules on the cell-wa aycr^ . 

present {apposition ), or by a combination of these two processes. 

extension of a wall alone would also result in an increase in 1 s ar c , 

if this occurs unaccompanied by the incorporation o ne^ ma e 

wall necessarily becomes thinner. . ,, • 

A second hypothesis holds that active growth o ie ce result 

primary step in cell enlargement. Growth of the \\& is )e 1 , , 

from the intercalation of additional molecules between those air ady 
present. Entrance of water into the cell is considered to be a res^toj the 
increase in the volume of the cell rather than its cause. U-prung and 
Blum's (1918) finding that, although the diffusion-pressure* deficit of 

dividing cells is relatively high, because of t ie apprecia e ^ 

of solutes present, their turgor pressure is low is considered to be evidence 
in support of this hypothesis. Continued areal extension.f the wall would 
keep the wall pressure and hence the turgor pressure of the cell 

sssssiis 

cells than others. portpx « n d certain other tissues do 

The cells which develop P*h. ^ o ^ h )n length , al though their 

not elongate greatly along than radially Other kinds 

elongation in this direction .s J^"i^3el to the long 

of cells, such as fibers ‘J^^^f^n other directions. Differen- 
axis of the stem or roo,, y enlargement ceases, 

tiation of cell walls ensues .t .bout the time J become 

During this phase of growth the »alto of pr« - J kinds of 

thicker, although usually not un.formly so. The walls y 
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cells and tissue elements become pitted while in others distinctive struc¬ 
tural features are developed, the most striking of which are the spiral 
• and other characteristic thickenings of the walls of the xylem vessels. 

Chemical differentiation of cell walls often accompanies their struc¬ 
tural differentiation. The walls of some cells, such as those of the pith, 
the living cells of the phloem, and most of the cells in the cortex, retain 
their original cellulose-pectic composition indefinitely. The walls of other 
cells, such as those of most of the xylem tissues, become lignified. Simi¬ 
larly suberin lamellae develop in the walls of cork cells and some others. 

In general the protoplasm soon disappears from those cells in which the 
walls become lignified, while those in which such a chemical modification 
of the wall docs not occur retain their protoplasm in an unimpaired con¬ 
dition for a much longer period. Further structural differentiation of the 
walls of cells in which the protoplast dies, such as vessels, tracheids, and 
fibers, occurs only by such purely physicochemical processes as continue 
in them, or under the influence of the activities of adjacent living cells. 
The changes occurring in the heartwood of trees, for example, are a result 
of such processes. Disintegration of certain parts of some kinds of cells 
may also occur while structural modifications are proceeding in other 
parts of the same cell. The most familiar example of this is the disap¬ 
pearance of the cross walls between the xylem elements in the formation 
of vessels. 

Assimilation of carbohydrates occurs in all types of cell differentiation 
involving a thickening of the cell walls, but little or no formation of 
protoplasmic proteins occurs during this phase of the growth process. 
The respiratory activity of even those fully differentiated cells which re¬ 
tain their protoplasm is generally less than that of dividing or enlarging 
cells. 

Development of Lateral Organs.—Leaves originate from the leaf pn- 
mordia which are small protuberances which develop laterally from an 
apical-stem meristem close to its apex (Fig. 140). The histogenic develop¬ 
ment of a leaf from its primordium does not follow the same pattern m 
all species (Foster, 1936), although there are many points of similarity 
in the development of most kinds of leaves. As an example we may con¬ 
sider the development of the tobacco leaf (Avery, 1933). A single apical 
cell of the leaf primordium continues to form new cells until the leaf is 
2-3 mm. long; then its activity ceases. A midrib primordium develops as 
a result of subsequent divisions of these newly-formed cells, no lamina 
being present until the leaf is about 0.6 mm. long. The lamina originates 
from two rows of subepidermal meristematic cells, one on each side of 
the midrib primordium. Subsequent divisions, enlargement, and differen¬ 
tiation of these cells result in the development of all of the mesophyll 
tissues, including the lateral veins. The epidermis increases in area as a 
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result of continued division and enlargement of the epidermal cells. Cell 
divisions cease first in the epidermis, followed in order by the middle and 
lower mesophyll, and the palisade layers. The tissues of the lateral veins 
may continue to develop long after cell division has stopped in other 
parts of the leaf. Although cessation of cell division occurs first in the 
epidermis, enlargement of the cells in this layer continues longer than in 
any other tissue of the leaf. Intercellular spaces do not develop markedly 
until the leaf has attained one-fourth to one-third its final size. 

Evidence from various sources indicates that auxins play an essential 
role in the elongation cf the petiole, midrib, and larger lateral veins of 
leaves, but growth substances other than auxin seem to be required tor 
expansion of the leaf blade. When seedlings of dicotyledonous species 


develop in total darkness, little or no expansion of the leaf blade occurs. 
A very brief exposure to light of relatively low irradiance is sufficient to 
induce a considerable increase in area of the leaf blade (Chap. XXX). 
The expansion of such leaves appears to be dependent upon a photo¬ 
chemical reaction which presumably is an essential step in the synthesis 
of some necessary growth substance. In a search for clues to the j»h>bio¬ 
logical mechanism of leaf expansion several investigators have attempted 
to discover compounds which will induce this phenomenon independent 1> 
of light. Adenine (Bonner et al., 1939) has been found to favor enlarge¬ 
ment growth in detached radish and pea leaves, but other investigator* 
have found this compound not to be effective with some other kinds ot 
leaves. Coumarin has been found to promote leaf expansion in leaves <>l 
some species (Chap. XXVIII), and cobalt and nickel salts apparently 
have a similar effect on etiolated bean leaves (Chap. XXV). The sig¬ 
nificance of these various findings and their relation to the light-ac fi\uU( 


enlargement of leaf blades is not yet clear. 

The origin of lateral roots has already been discussed from an anatom¬ 
ical standpoint in Chap. XIV. Auxins (Chap. XXVIII) appear to be 
specifically required for root initiation to occur, whether on roots, stems, 
or other organs. At least one growth substance, tentatively named rh.zo- 
caline ” has also been considered to be necessary if initiation of roots is 
to occur (Chap. XXVIII). Evidence in favor of such a view is presented 
by Galston (1948) ; evidence opposed to it by Van Overbeek et al. (1946 

In addition to the terminal bud present on most stem axes, lateral buds 
—which are essentially rudimentary side branches—develop in the axils 
of leaves. These first appear as mound-like meristems m the axils of the 
embryonic leaves (Fig. 140). In temperate zone woody plants both ter¬ 
minal and lateral buds are encased in bud scales which are shed on y 
when, and if, growth of the stem tip is resumed. The buds of most herba¬ 
ceous plants are devoid of bud scales. A great many more axillary buds 
form on most plants than ever develop into lateral branches. \\ hether or 
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cylinder 


not one of the rudimentary stem tips which is an essential part of a bud 
will ever resume growth depends in part on environmental, and m part 

on internal conditions. . . » . j 

Lateral Growth of Stems and Roots.-Growth in diameter of roots and 

stems results principally from the activities of lateral meristems called 
cambiums. Such meristems are responsible for the secondary Q r ™ th °J 
plants, i.e., the formation of secondary tissues. The most important of 

these meristems is the vascular cambium 
(commonly referred to simply as “cam¬ 
bium”) which is present in the stems and 
VJI1IIU „. roots of gymnosperms and most dicotyle- 
branch gap dons. The vascular cambium consists typi- 
" branch trace cally of a uniseriate layer of cells that is 
i eaf gap located between the xylem and phloem, in 

most plants in which it occurs this cambium 
constitutes an almost continuous sheath of 
cells extending from just back of every root 
tip to just below every stem apex. This con¬ 
tinuous lamina of cambium is broken, in 
most species, only at the leaf gaps and 
branch gaps (Fig. 142) which occur just 
above the strands of vascular tissue which 
lead to the leaves and stems. Usually, how¬ 
ever, even such gaps are found only in the 
young parts of the axis, since they are 



leaf trace 


Fig. 142. Diagram of a por¬ 
tion of the vascular cylinder 
of a stem illustrating leaf 
and branch gaps. Redrawn 
from Eames and MacDaniels 

(1047). 


gradually bridged by extensions of the cambium layer as the stem grows 
older 

Structurally cambium cells are of two distinct types. The vascular ray 
initials from which the vascular rays develop are more or less isodiametn. 
The vertically elongated elements of the xylem and phloem eve op 
a second and more abundant type of cambium initial. As viewe in c ^° 
section the tangential width of cambium cells of this fusiform typ 
usually several times as great as their radial width. The lengt o sue 
cambium cell usually exceeds even the greatest of its cross-sectional di¬ 
mensions bv many times (Fig. 143). The cambium initials of a tulip w, 
for example, are about 600 p. long, 25 p. in tangential width, and 5 [X 
radial width. Much longer cambium cells have been reported in t es 
of some conifers. In the white pine they may attain lengths up' ™**** 

In the Scotch pine (Pinus sylvestris ) the fusiform cambial cells nave, 
an average, 18 faces (Dodd, 1948). Cambium cells are vacuolated a 
often prominently so (Bailey, 1930), and often show protoplasmic stream¬ 
ing. 



LATERAL GROWTH OF STEMS AND ROOTS 


599 




The cambium usually becomes active in the formation of new cells 
before primary growth has entirely ceased in all of the tissues at the 
corresponding level of the stem. Successive divisions 
of cambium cells at right angles to their radial axis 
result in the development of secondary xxjlem on its 
inner face and secondary phloem on its outer face and 
cause an increase in the diameter of the axis. Increase 
in length of the vascular rays also occurs as a result of 
cambial activity. The .secondary xylem and secondary 
phloem lie between the primary xylem and primary 
phloem, as the conductive tissues formed during pri¬ 
mary growth are termed. All increase in the diameter 
of stems resulting from cambial activity is caused by 
the formation of additional layers of phloem and xy¬ 
lem within the body of the stem. In annual plants, or 
in perennial species in which the stems die down to 
the ground at the end of each growing season, second¬ 
ary growth never continues beyond the current sea¬ 
son. In species with woody stems new layers of both 
xylem and phloem are developed during each period 
of cambial activity, so that such species exhibit an 
annual increase in diameter. In some woody peren¬ 
nials the vascular cambium may continue to develop 
secondary tissues for hundreds of years, cambial 
activity being resumed periodically with the advent 
of each growing season. Since in such species the 
older phloem is first converted into bark and is even¬ 
tually sloughed off, the bulk of the structure of 
all older steins and roots is composed of secondary 
xylem. 




.rr 
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Cells originating from the cambium pass through 
the same three morphological stages of growth as do 
those developed from apical meristems. Formation of 
a new cell in the xylem is initiated by division of one 
of the cells of the cambium layer, the new cell wall 
developing midway of the cell in the tangential plane 
(Fig. 51). The outer one of the two daughter cells re¬ 
mains a cambium cell, but the inner one enlarges, 
usually in length as well as in cross-sectional area, and 
generally develops directly into one of the xylem ele- 
ments. Often, however, the inner of the two cambium derivatives may 
divide one or more times before maturation of the cells ensues. This usu- 


Fig. 143. Per¬ 
spective view of 
typical fusiform 
cambium cell. 
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ally happens in the formation of wood parenchyma cells during which 
the xylem mother cell is cut into a vertical series of cells by transverse 
divisions. Trachcids, fibers, vessels, wood parenchyma, and wood-ray cells 
are developed in the xylem from the cambial derivatives (Chap. XII). 

A new phloem cell is initiated in a similar manner from the outer of 
the two daughter cells after division of a cambium cell (Fig. 51). These 
outer cells may develop directly into mature phloem elements, or may 
first divide before maturation ensues. In general, division of the phloem 
mother cells before maturation appears to be of more frequent occur¬ 
rence than division of the corresponding xylem mother cells. Maturation 
of the cambial derivatives formed on the outer face of the cambium 
results in the development of sieve tubes, companion cells, phloem pa¬ 
renchyma, phloem-ray cells, and phloem-fiber cells (Chap. XXVII). 

Continuation of secondary growth from the cambium results during 
each growing season in the development of a zone of secondary xylem 
cells inside of the cambium, and a zone of secondary phloem exterior to 




A D 



Fig. 144. Diagram illustrating two methods by which cambium cells divide 
resulting in the formation of additional cambium cells. (A) and ( B ) two stages 
in the radial division of a cambium cell. ( D ) to (G) four stages in the “pseudo- 
transverse” division of a cambium cell followed by a sliding of the two deriva¬ 
tive cambium cells past each other. 
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it. The enlargement of the xylem cells originating from the cambium ini¬ 
tials results in outward movement of the cambium and all of the cells 
lying outside of this layer, necessarily resulting in an increase in the girth 
of the cambium cylinder. Enlargement of the immature phloem cells de¬ 
veloped from the cambium, on the other hand, results in outward move¬ 
ment only of the phloem and tissues external to it. Generally several 
times as many new xylem elements as phloem elements are formed from 


the cambium during a period of growth activity. 

Division of the cambium cells results not only in the formation of 
secondary phloem and xvlem, but also, as the stem grows in diameter, 
in an increase of the girth of the cambium layer. Some increase in the 
circumference of the cambium cylinder results from a lengthening of the 
cambium initials along their tangential axis as seen in cross section, but 
mostly this is brought about by an increase in the number of cells around 
the cylinder as the stem grows older. According to Bailey (1923) two 
principal methods by which this occurs can be recognized. New cambium 
cells may result from radial divisions of older cambium initials (Fig_ 
144 A-B ) or by “pseudo-transverse” divisions followed by a sliding o 
the derivatives past each other (Fig. 144 D-G). Each of these methods 
of multiplication of cambium cells is characteristic of certain species. 

Vascular cambiums, in the usual sense of the term, are not present in 
the monocotyledons, although traces of cambial-like activity often occur 
in the vascular bundles. In some tree-like species of monocotyledons., 
however, secondary thickening of the stem results from the operation of 
a special kind of lateral meristem which is usually considered to be a y e 
of cambium. This meristem occurs as a cylinder of tissue near the perip »- 
ery of the stem. Unlike the cambium of dicotyledons and gymnospen », 
it does not produce phloem on the outside and xylem on the inside but 
forms complete vascular bundles and intervening pan m 
toward the interior of the stem. These secondary vascular bundles are 
thus present in stems in a cylinder of tissues outside of he P r mar> Us 
sues in which the primary bundles are located. A limited amount of pa¬ 
renchyma tissue is also formed by such cambiums toward the cxt * ' 

Still another kind of lateral meristem is the cork cambium or phellogen, 
presenttamSt woody stems and roots (Chap. XIV). In young twigs the 
first cork cambium usually develops as a continuous uniseriatc cylinder 
of tissue, either from the epidermis or from the layer of cdbju* bencaU 

the epidermis. The operation of a cork cambium as " n s 

0 ‘ to that of a vascular cambium. As a result of tangential <i iviaio 

of cork cambium cells, layers of cork cehs (p*e«um) are or^ e 

nally, and layers of phelloderm cells are or med as 

In most species more phellum cells than phelloderm cells are forme 
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the result of cork cambium activity, but in a few the opposite is true, 
and in some no phelloderm cells are formed. Mature cells of the cork or 
phellum layer are nonliving and are characterized by the presence of 
suberin lamellae in the walls which renders them highly impermeable to 
water. Phellogen cells are living cells, more or less loosely arranged, and 

often resemble cortical cells. The en¬ 
tire system of phellum, phellogen, and 
phelloderm is often called the peri¬ 
derm. 

In some species, such as birch, iron- 
wood (Carpinus ), and beech, the in¬ 
itial cork cambium persists for many 
vears or even for the entire life of the 
tree. In the majority of woody spe¬ 
cies, however, the first cork cambium 
ceases activity after a relatively brief 
time, and is replaced by other rela¬ 
tively short-lived cork cambiums 
which arise progressively more and 
more deeply in the tissues of the stem 
or root. Each such cork cambium is 
a uniseriate layer of cells; as a rule 
relatively small in area. Such second¬ 
ary cork cambiums usually arise first 
in the cortex, still later in the peri- 
cycle, and finally in the secondary 
phloem. They operate as meristems 
in essentially the same manner as 
the initial cork cambium. The various layers of cork cells formed over¬ 
lap or join each other in one way or another so that a continuous corky 
layer, except for lenticels, completely encloses all woody parts of stems 
and roots. In older tree trunks of many species all periderm layers 
have developed in the secondary' phloem. The older bark of such trees 
thus consists of alternating layers of cork and dead phloem cells (Fig. 
1461. 

The same, or at least very similar, physiological processes undoubtedly 
accompany the different stages in the growth of cells originating from 
the various kinds of cambial initials as accompany the corresponding 
stages in the growth of cells arising from apical initials. 

Measures or Indices of Growth.— It is frequently desirable to give some 
sort of a quantitative expression to the amount of growth which is ac¬ 
complished by a plant or a group of plants during a given period of time. 



epidermis 
cork comb/um 
mi fiats 
cortex 




mature cork 
cells 

cork cambium 


Fkj. 145. Diagrams showing for¬ 
mation of cork in stem of gera¬ 
nium {Pelargonium). (A) Divi¬ 
sion of outer cortex cells, forming 
a cork cambium. ( B) First layer 
of cork cells has formed. (O) Sev¬ 
eral layers of mature cork cells 
have formed. 
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Fi«. 140. Diagrams showing development of cork in woody stems. (.4) Cork 
cambium developing in the outer cortex of a young stem. (D) Later stage. Cork 
cambiums forming deeper in the cortex. Epidermis ruptured. (C» Still later 
stage. Cork cambiums forming in the old phloem. Older cork being shed as the 
stem enlarges. Redrawn from Kamos and MacDanicIs (ld-Cl. 

The principal indices which have been employed for this purpose are 
(1 > increase in the length of the stem, root, or other organ of the plant. 
(21 increase in the area of the leaves, (3) increase in the diameter of the 
stem (or other organ), (4) increase in volume (especially of fruits), (5) 
dry weight increment, and (6) fresh weight increment. 

All of these indices have at least a limited value as measures of growth, 
especially from various practical standpoints. Determinations of the 
height and diameter growth of forest trees, for example, are standard 
forestry practices as indices of the productivity of forests and have con¬ 
siderable practical value for such purposes. Similarly, the number ol tons 
of dry hay or the fresh weight of cabbage or spinach produced per acre 
would usually be an adequate measure of growth to the mind of the 

practical farmer. 

Each of the indices listed above, however, measures only certain quan¬ 
titative phases of growth. A yardstick can measure only length, a balance 
only weight, but growth phenomena generally involve not only such 
quantitative changes as expansion in length and girth and increase in 
weight but qualitative aspects as well. Ilow, for example, could the rela¬ 
tive development of the vegetative and reproductive phases o growth he 
expressed in terms of any of the units listed above? 7 ct qualitative dif¬ 
ferences in growth are often of as great or greater scent,fie sigmftcance 
or practical importance as quantitative differences. 7 he floncultunst is 
not primarily interested in the pounds of plant substance produced nor 
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the height to which his plants grow, if they bear flowers which will be 
attractive to his customers. Likewise, the orchardist is much more inter¬ 
ested in the development of the fruits on his tree than in the increase in 
the height or weight of their vegetative organs. Evidence of this difficulty 
in giving adequate expression to the results of growth phenomena is seen 
in the common expedient of investigators in relying upon photographs 
as a means of recording the results of their experiments upon the growth 

of plants. 

Rates of Growth.— The absolute growth rates recorded in the botanical 
literature are mostly for increase in height of stems. A number of meas¬ 
urements have also been made of the fresh and dry weight increments of 
fruits, examples of which are given in Chap. XXVII. 

The rate of height growth varies enormously with different species of 
plants and with the same species under different environmental condi¬ 
tions. Only a few examples of the most rapid known rates of height growth 
will be cited. Young bamboo shoots sometimes grow as rapidly as 2 ft. 
in 24 hr. and asparagus shoots as much as 1 it. in the same period of time. 
When a flower stalk develops on a century plant (Agave spp.) it often 
elongates as much as 6 in. in a single day. Under favorable growing con¬ 
ditions corn plants sometimes add visibly to their stature during a single 
night. 

The rates of elongation of the fastest growing stems are just a shade 
too slow for detection with the naked eye. By observing rapidly growing 
stem tips under a horizontally placed microscope, the externally visible 
aspects of growth can often be observed and measured directly. 

The rate of growth of stem or root tips can also be measured by the 
very simple method of marking the organ with short horizontal lines 
spaced equidistantly. The marks are generally made with India ink ap¬ 
plied with a fine brush. The rate of elongation is determined by observ¬ 
ing the position of the marks after the lapse of a definite period of time. 
A similar method can be used for measuring the rate of increase in the 
area of a leaf by ruling a cross-sectional pattern of lines on the leaf. Such 
methods are of value in indicating in what part of the organ enlargement 
is occurring most rapidly. 

Accumulation of Foods.—Although the simple carbohydrates synthesized 
in photosynthesis may undergo many transformations, the sum total of 
the food available to a green plant, except under special experimental 
conditions, where carbohydrates or other foods are artificially supplied, 
can never exceed the quantity synthesized in photosynthesis. A large 
proportion of the photosynthate is normally used in the processes of as¬ 
similation and respiration. Any surplus which remains accumulates in one 
or more tissues or organs of the plant. Accumulation of foods, however, 
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does not occur continuously. For considerable periods in the life cycle of 
most plants not only is no accumulation of food occurring, but a more or 
less rapid consumption of accumulated food is in progress. In woody plants 
during the dormant season slow utilization of food in the processes o 
respiration and assimilation continues. When growth is resumed in the 
mcristematic tissues of such species in the spring there is always a con¬ 
siderable drain on the foods stored in the plants since much of this growth 
is accomplished before the photosynthetic rate is rapid enough to com¬ 
pensate for the necessarily speedy utilization of food which occurs. Simi¬ 
larly the sprouting of bulbs, conns, tubers, and rhizomes always occurs 
at the expense of accumulated foods in such organs. The same is true ol 
seeds when germination occurs. Much of the food which accumulates in 
plants during periods when photosynthesis exceeds the food-consuming 
processes is utilized by the plant sooner or later m its life history^ 

The organs in which most accumulation or '‘storage of food occurs 
arc different in different species. In annuals food storage occurs pre¬ 
dominantly in the seeds. Foods also accumulate in the seeds of most 
biennial and perennial species. During the process of germination the 
embryo uses food that was made by the preceding sporophyte generation. 

Most of the- accumulation of food in typical biennials such as beet, 
carrot, parsnip, and turnip occurs in fleshy roots or root-like structures. 
This accumulation of food by biennial species occurs mostly during the 

first season’s growth. . , 

In perennial species considerable storage of food often occurs in see . 

and fruits, but the principal organs of food accumulation in many species 

which bye for a number of years are the stems and roots. In woody species 

the pith, cortex, vascular rays, and wood parenchyma are the stem and 

root tissues in whirl, most of the accumulation of surplus foods occurs^ 

Modified stems such as rhizomes (iris, many ferns. Solomon s seal) .tubers 

(potato, Jerusalem artichoke!, conns (crocus, gladiolus, jack-in-the- 

pulpit), and bulbs (onion, tulip, hyacinth, are almost invar,ably regions 

of food storage in species which possess such organs 

The great bulk of all foods which accumulate in plants can be classif e. 

into the familiar categories of carbohydrates, fats, and proteins. 

The principal storage carbohydrates are starch, sucrose, hcmicellu- 
loses ” and inulin (Chap. XX). Accumulation of oils (fats) m abundance 
occurs most commonly in seeds, although such compound- are stored m 
at least small quantities in the cells of many tissues. I roteins, like fats, 

accumulate principally in seeds. . . • • i 

The cells of “storage” tissues are not merely passive reservoirs in which 

excess foods pile up. Foods move into the cells in which they ace...,,.,late 

only in the soluble form, yet with few exceptions, sucrose being the most 
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familiar example, the foods amassed in storage cells are converted into an 
insoluble form. Upon translocation into storage cells, glucose is converted 
into starch, amino acids into proteins, fructose into inulin, fatty acids 
and glycerol into fats, etc. All of these chemical transformations are 
catalyzed by enzymes occurring in the living cells in which the foods 
accumulate. 

Conversely, insoluble stored foods cannot be utilized by any part of a 
plant until they have first been digested into soluble forms as a result of 
enzymatic activity. Until such a transformation has occurred they can¬ 
not be translocated out of the cells in which they arc situated into the 
cells in which they are utilized in assimilation or respiration. 
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ENVIRONMENTAL FACTORS AFFECTING 
VEGETATIVE GROWTH 



Regardless of the habitat in which it is growing, whether a greenhouse, 
cultivated field, forest, prairie, mountain top, or lake bottom, a plant is 
continuously subjected to the variabilities of a complex, more or less 11 - 
terdenendent set of environmental factors. The environment is the foster 
parent of every plant and animal and plays as indispensable a role m 
'its devclopmeid as do hereditary factors which have been transmitted to 

“ 4rdeve“nt al an a d r Teactions of an organism are the result of the 
coordinated interplay of the hereditary factors and env^nme^al 
ditions upon the internal physiological processes of that organism. 


Genetic Constitution ^ p roccsscs 


Environment 


/■ 


and Conditions 


Organic Development 
and Behavior 


»-«. r * r , ir;s '•jsszsz 

the momfold Van ;‘'rtlcL.v.of U.O various physiological 

cells and tissues, a knowledge we are able to visualize only 

processes. In our present state of knowledge * c , arit y. Most 

some of the grosser aspec s o * devoted to a discussion 
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and intricate ones and are far from being bridged in terms of present- 
day knowledge. 

As a specific example of this principle we will recall the process of 
chlorophyll synthesis as it occurs in corn (maize). The usual varieties of 
this species contain the genetic factors which ordinarily induce chloro¬ 
phyll formation. Certain environmental conditions, including light, are 
also necessary for its synthesis in this species. A com seedling developing 
in a dark room is devoid of chlorophyll, even if all the other environ¬ 
mental conditions necessary for chlorophyll formation are present. In a 
seedling growing in the light, however, interaction of the environmental 
factors with the hereditary mechanism will occur in such a way as to 
induce the process of chlorophyll synthesis in the leaf cells. While envi¬ 
ronmental conditions only rarely have a direct influence upon the genetic 
make-up of an organism, they do exert a profound influence upon the 
expression of its heredity. As discussed earlier (Chap. XVI), it is now a 
widely accepted hypothesis that the genes of the chromosomes exert their 
influence upon physiological processes through a controlling effect on the 
synthesis of enzymes. 

So far, however, we have considered only one side of the story. Certain 
varieties of maize do not carry all of the genetic factors necessary for the 
development of chlorophyll. This trait is inherited in such strains of corn 
as a Mendelian recessive and hence is apparent only in plants homozygous 
for this factor. Even if all the environmental factors necessary for chloro¬ 
phyll synthesis are present, such seedlings cannot make chlorophyll, and 
they develop as “albinos.” As soon as the food stored in the seed is ex¬ 
hausted, such albino seedlings die. 

The genetic constitution of a given organism sets definite ultimate limits 
to the types of development and the reactions of which that organism is 
capable, beyond which no environmental conditions can carry it. Potato 
plants, for example, may vary greatly in their morphogenic development. 
Under some environmental conditions the plants may be large; under 
others, small. Under some they will flower; under others they will not. 
Under still others tubers will develop; under others they will not. Never¬ 
theless, all of these plants will remain unmistakably potato plants. 

The specific environment to which a plant is subjected also sets limits 
upon its development. For example, under “short-day” conditions, as 
discussed in Chap. XXXII, a radish plant continues to grow vegetativelv 
for an indefinite period of time. Although radish plants possess the hered¬ 
itary capacity for reproductive development, such an environment im¬ 
poses a barrier to the expression of this particular potentiality. On the 
other hand, under long day-lengths, if other environmental conditions 
are favorable, a radish plant will flower and fruit within the course of 
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a few weeks. Innumerable other examples of the environmental limita¬ 
tion of the expression of hereditary factors can be cited. 

The full gamut of the hereditary potentialities of a species can never 

be realized until individuals of that species have been observed growing 
in each of a wide range of environmental complexes. Since most observa¬ 
tions of the behavior of plants are made while they are growing under 
natural or cultural conditions which represent only a rather narrow range 
of variations in the environmental complex, the many possible develop¬ 
mental reactions of a given species of plant are not a ways appreciate^ 
Environmental Factors Influencing Plant Growth.-The environment of 
living organisms is so complex as to defy any completely logical analysis. 
However the principal physical factors of the environment which o 
narUy cxmt a more or less direct effect upon the growth and development 
of terrestrial plants can be recognized and are enumerated in the follow- 

ing list: . 

1. Temperature (soil and air) 

2. Radiant energy 

3. Soil water 

4. Water vapor (in soil and atmosphere) 

5. Solutes in the soil solution 

6. Gases of the soil atmosphere 

7. Exchangeable ions in the soil 

8. Gases of the atmosphere 

9. Gravity 

10. Atmospheric pressure 

11. Wind 

The environment to which the roots are exposed is usually very differ¬ 
ent romt hat which the aerial organs of plants encounter. Because of 

reciprocal I'™ 

of The'roots almost invariably will be indirectly mflected m the behavior 

upon growth also exert important indirect 

effects condi tions to which plants growing under 

out-of-door conditions are subjected are in turn influenced by more remote 
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factors. The intensity and quality of impinging sunlight, for example, 
are functions of the angle of the earth’s inclination to the sun (which 
varies with the hour of the day, the latitude and the season), the pitch 
of the slope upon which the light falls, and the direction toward which 
the slope faces. The soil-water content is controlled not only by the pre¬ 
cipitation, but by the surface runoff (which in turn is largely a function 
of the slope and the porosity of the soil), and by factors which influence 
the rate of evaporation such as air temperature, humidity, wind, and 
insolation. Similarly, with increase in altitude differences in such physical 
factors as the irradiance, quality, and duration of radiant energy, soil 
and air temperature, and atmospheric pressure are encountered. 

Furthermore, complex interrelationships exist among the medley of en¬ 
vironmental factors which exert direct effects upon plants. Changes in the 
magnitude or duration of one factor seldom occur without inducing sub¬ 
sidiary changes in other factors. Increase in the intensity of radiant energy 
in any habitat results in an increase in soil and air temperatures; in¬ 
crease in soil-water content diminishes soil aeration, and so forth. 

In addition to the physical factors discussed above, plants are subject 
to the influence of another entirely different group of factors—the other 
living organisms in their environment. Among these are bacteria, fungi, 
green plants, and animals. Man himself, from the standpoint of a plant, 
is merely one of the factors in its environment. The influence of such 
biotic factors is not generally considered to come within the scope of a 
discussion of plant physiology, but their effects upon growth and develop¬ 
ment of plants are often as pronounced as the effects of physical factors. 
Biotic factors often operate as limiting factors in the survival or distribu¬ 
tion of plants. The elimination of that once prominent tree species—the 
chestnut—from eastern North America by the chestnut blight disease is 
an example of the profound effects sometimes wrought by biotic factors. 

In order to interpret the effect of changes in the magnitude of any one 
of the various factors influencing a process, such as growth, it is neces¬ 
sary to formulate certain guiding principles. In 1843 Liebig proposed his 
well-known “law of the minimum,” which was the first attempt at such a 
formulation. Liebig was thinking primarily of the effect of fertilizers 
upon the yield of crop plants when he suggested this “law,” which states 
in essence that the yield is limited by the factor which is present in 
relative minimum. Blackman’s “principle of limiting factors” as applied 
to photosynthesis (Chap. XIX1 is essentially an extension of Liebig’s 
principle. 

Mitscherlieh (1909) proposed a somewhat different concept of the law 
of the minimum. His conception of the operation of a “limiting factor” 
may be stated as follows: “the increase in any crop produced by a unit 
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increment of a deficient factor is proportional to the decrement of that 

factor from the maximum.'' . . , 

Both of these interpretations of the effect of minimal factors can be 

illustrated by a diagram I Fig. 147), in which it is supposed1 that five 
factors are affecting growth, but that each is present in a Afferent rela 
tive intensity as compared with its maximum effectiveness. 

According to Liebig’s law of the 
minimum, only an increase in factor 
A will cause an increase in the yield 
of a crop. According to Mitscherlich, 
increase in any one of these factors 
will cause an increase in yield. A unit 
increase in A will have the greatest 
effect, a unit increase in B the next 
greatest effect, and so forth. Factor E 
is so close to its maximum that a unit 
increase in it will have an almost negli¬ 
gible influence on yield. Mitscherlich * 
interpretation of the law of the mini¬ 
mum seems to be more nearly in ac- 
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Fig. 147. Diagram to illustrate 
two interpretations of the law of 
the minimum. 


mum seems to be more neu.iy <» - _ I iebin’s 

cord with the results obtained in experiments on plants than Li u ■ 

simpler formulation of this same principle. fiVets of envi- 

The discussion in tins chapter will be res neted to t e fTe ts of env. 
ronmental factors on the vegetative growth of plants, their effects 

reproductive growth are considered m Chap. XXXI . 

Effects of Temperoture upon Vegetof.ve Growth.— The rate ot every 
physiological process occurring in plants, including grow i, * s " li * r 

toTaplant can sXWe in a given habitat often depends upon the tem- 

T 'the^Rate & oj Growth. It has been custom- 

1. Effect oj l .1 rflinal” temperatures for growth, 

ary to consider that there arc those so-called car- 

a minimum, an optimum, a ’ y Rrea tly with different 

dinal points on the tempera urc ^ sc an( j HUC |, temperatures can 

X determinedly 

va^ U consid^ably *with t^ in’the development and the physiological 
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condition of the plant, the time and rate of exposure, and other envi¬ 
ronmental conditions. 

In general, the range of temperatures within which growth will take 
place varies considerably with the species. Arctic and alpine species may 
grow at the freezing point or even at temperatures slightly below, and 
their optimum growth temperature is often no higher than 10°C. Most 
species of temperate zone origin do not grow appreciably at temperatures 
below 5°C. Their optimum growth temperature is usually about 25°- 
30°C., and their maximum about 35°-40°C. The cardinal growth tempera¬ 
tures of most tropical and subtropical species are still higher. For maize, 
a crop plant of subtropical origin, the minimum growth temperature is 
about 10°C., the optimum about 30°-35°C., and the maximum about 
45 °C. 

Leitch (1916) has made one of the few comprehensive studies of the 
effect, of temperature upon the quantitative aspects of growth. She found 
that the rate of elongation of the roots of pea seedlings increased con¬ 
sistently with rise in temperature in the range of —2° to 29°C., and fur¬ 
ther that the rates within this range of temperatures, once established, 
showed little or no diminution with time. Above about 30°C., the higher 
the temperature, the lower the initial rate of growth and the more rapidly 
the rate decreased with time. Elongation ceased entirely at temperatures 
of 45°C. or higher. In other words, in the temperature range of 30°- 
45°C., a distinct time factor effect was evident in the relation between 
temperature and growth. A similar time factor effect has been demon¬ 


strated for the growth of maize seedlings (Lehenbauer, 1914). 

In an elaborate study of the effects of temperature upon developing 
cotton seedlings, Arndt (1945) found the optimum for germination, initial 
elongation of the primary root, and initial elongation of the hypocotyl 
to be about 33°C. After a few days, however, the optimum for root 
elongation had fallen to 27°C., whereas that for hypocotyl elongation had 
risen to 36"(\ Such shifts in temperature optima for various phases of 
growth are probably characteristic of many plant organs. 

b.arli stage in the development of a plant may and often does have a 
difieivnt optimal temperature. The relationship between temperature and 
.-(age ot development has been investigated most thoroughly in certain 
species of bulbs, such as the tulip (Ilartsema et cil.. 19301. In this species, 
at the time bulbs arc usually lifted from the ground, the next season’s 
stem apex has differentiated to the extent of three or four leaf primordia. 
I'he next stage in development within the stored bulb is initiation of the 
flower primordia, a process which requires about 3 weeks. The optimal 
temperature for this process is 20°C. For a subsequent period of about 3 
months, during which flower parts develop into a complete flower, the 
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optimal temperature is 8°-9°C. As leaves begin to emerge from the bulb, 
the optimal temperature gradually rises to 23°C., the latter value being 
reached when the leaves are about 6 cm. long. Similar differences in op¬ 
timal temperature at different stages of development are found in other 
temperate climate bulbs, but such differences are lacking in bulbs native 

to tropical regions. 

Such differences in the optimal temperatures for different stages of 
growth are not confined to bulbs. In many temperate zone species the 
optimum temperature for the germination of seeds is less than for vege¬ 
tative growth, which in turn is often lower than the most suitable tem¬ 
perature for flowering and fruiting. ... 

2. Temperature Limitations upon Plant Survival .—A clear distinction 

should be drawn between the extremes of temperature at which the growth 
of a plant ceases, and the extremes of temperature which that plant can 
endure without death resulting. The minimum temperature which a plant 
can tolerate without injury is almost invariably below that at which 
growth ceases; likewise plants can usually endure without lethal effects, 
at least temporarily, temperatures considerably in excess of the maximum 
at which growth occurs. A given plant, for example, may cease to grow 
when the temperature to which it is exposed rises to 40°C. Death, how¬ 
ever occurs only if the temperature of the plant is raised to some still 
higher temperature, perhaps 55° or 60°C. Within this intervening range 
of temperatures the plant passes into a state of heat rigor in which it 
neither grows nor exhibits growth movements. Similarly there is a range 
of temperatures between the lowest temperature at which a plant will 
grow and its death point as a result of cold. Within this zone ot tempera¬ 
tures the plant passes into a corresponding condition of cold ngor. 

The upper and lower extremes of temperature which plants or plant 
organs can endure vary greatly according to species and depend upon 
their capacity for heat resistance and cold resistance, respectively, as 


discussed later. . 

3. Morphogenic Effects of Temperature .—No two of the many and 

varied physiological processes occurring in a plant are equally influenced 
by a change in temperature. Hence the morphogenic development of a 
plant which is controlled by the pattern of its physiological activity is 
often’markedly different under one set of temperature conditions than 
under another. Such effects upon the structural development of plants 
are the most complex and most striking of the many influences of tem¬ 
perature upon plants. 

Numerous examples of morphogenic effects of temperature upon the 
vegetative development of plants ran be cited. Some such effects arc 
clearly related to the differential influences of temperature upon the proc- 



616 


FACTORS AFFECTING VEGETATIVE GROWTH 


esses of photosynthesis and respiration. The net daily gain in photosyn- 
thate by any plant is the difference between the quantity of carbohydrate 
synthesized during the photoperiod and the quantity of carbohydrate con¬ 
sumed per 24 hr. in respiration. In a maize plant, for example, under 
favorable conditions, the average quantity of hexose synthesized per 
photoperiod during its life history is about 9 g. while the average quan¬ 
tity of hexose consumed in respiration is about 2 g. per 24 hr. (Table 25). 
The average net daily gain in photosvnthate by a corn plant is therefore 
about 7 g. 

Only the net daily increment of photosynthate can be used by a plant 
in the assimilatory phases of growth or can accumulate as unused food 
in one or more organs of the plant. If its total daily respiration con¬ 
sistently exceeds its total daily photosynthesis, a plant can often survive 
for a while at the expense of previously accumulated foods, but eventually 
it will starve to death. 

The rate of photosynthesis ordinarily does not change much in many 
species under favorable field conditions over a temperature range of 
lo°-30°C., mainly, it appears, because of the limiting effect of carbon 
dioxide at atmospheric concentration on the process (Chap. XIX). The 
temperature coefficient of respiration, on the other hand, over a similar 
temperature range, is approximately two (Chap. XXI). With rise in tem¬ 
perature the rate of respiration therefore increases more rapidly than 
the rate of photosynthesis, and the net daily gain in photosynthate by the 
plant is curtailed. Respiration is not, of course, confined to the photo- 
synthetic tissues, hut occurs in all non-green parts of the plant including 
the underground organs. Also significant is the fact that photosynthesis is 
restricted to the daylight hours while respiration goes on every hour of 
the twenty-four. Hence prevailing night temperatures markedly influence 
the daily net gain of photosynthate by a plant. Approximately twice as 
much food would disappear per hour as a result of respiration at 25°C., 
for example, as at 15°C. A daily alternation between relatively cool night 
temperatures and moderately high daytime temperatures will therefore 

in a greater net gain of photosynthate by a plant than if 
night temperatures are also relatively high. 

I ranslation ot differential effects of temperature upon photosynthesis 
and respiration into morphogenic effects on growth can be illustrated by 
the process of tuherization in the potato. When tuberization occurs foods 
are used in the construction of the cellular framework of the tubers and 
accumulate within the cells. The optimum rate of photosynthesis is appar¬ 
ently attained in the potato at about 20°C. The higher the daytime tem¬ 
perature above this value and the higher the night temperature, the 
greater the proportion of the photosynthate which will be consumed in 
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respiration and the smaller the proportion which can be used in assimila¬ 
tion or which can accumulate as stored food. Higher temperatures also 
favor development of the aerial vegetative organs of a potato plant (Wer¬ 
ner, 1934), which further reduces the quantity of photosynthate which 
can be used in tuberization. Hence yields of potatoes are usually higher 
in a relatively cool climate, other conditions being favorable, than in a 

relatively warm climate. 

A low net daily gain in photosynthate will not only retard accumula¬ 
tion of foods but may also check assimilation and growth of a plant. The 
results of Nightingale (1933) on the effect of temperature on the develop¬ 
ment of the tomato plant are largely explainable in terms of its effect or. 
the net daily increment of photosynthate. This investigator grew tomato 
plants under continuous temperatures of 55°F. (13°C.), 70°F. (21 °C ), 
and 95°F. (35°C.). The plants survived, developed and accumulated car¬ 
bohydrates at both the lower temperatures, indicating that in these two 
groups of plants dailv photosynthesis exceeded daily respiration. At 35°C., 
however, the carbohydrate content of the plants decreased rapidly, in¬ 
dicating that daily respiration exceeded daily photosynthesis, and many 
of these plants died within a relatively short time. 

Soil temperature, as considered apart from air temperature, also has 
morphogenic effects on plants. Maximum vegetative development of Mar¬ 
quis wheat under greenhouse conditions (air temperature rangc^ about 
20°-35°C.), for example, occurred at a soil temperature of 22°C., as 
compared with a number of higher soil temperatures (Wort, 1940k 

Among the most pronounced of the morphogenic effects of temperature 
arc those upon reproductive growth which will be discusser! in Chap. 

XXXII. 

4. Thermoperiodicity .—Temperature is one of the characteristically 
cyclical factors of the environment. Both rates of growth and the mor¬ 
phogenic development of plants are markedly influenced by the pattern of 
the temperature cycle to which they are subjected. For example, ent 
(19441 found that, when grown under a constant temperature, the maxi¬ 
mum rate of elongation of the stems of tomato plants more than 40 cm. 
high occurred at 26.5°C., but that elongation was still more rapid if the 
plants were exposed to a 26 5°C. daytime temperature alternating with 
a 17°-20°C night temperature. Approximately the same temperature 
relation was found for fruit development. This favorable effect of a lower 
night temperature was eliminated, however, if the plants were artificially 

illuminated during the night. . - 

The term thermoperiodicity has been proposed to designate the effects 

of an alteration of temperature between the day and night periods upon 
the reactions of plants. Other species of plants besides the tomato a.c 
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known to exhibit the phenomenon of thermoperiodicity, but the critical 
temperatures differ from one species or even one variety to another, and 
from one stage of development to another (Went, 1945). 

Cold Injury and Cold Resistance. —1. Causes of Injury to Plants upon 
Exposure to Low Temperatures .—Several types of injury may occur in 
plants as a result of exposure to relatively low temperatures: 

(1) Desiccation.—Relatively high winter transpiration rates in ever¬ 
greens during a period when absorption of water can proceed only at a 
relatively slow rate often lead to a type of injury frequently called 
win ter-killing (Chap. XI). Injury under such circumstances results from 
desiccation of the tissues. A similar type of injury may result to some 
plants, especially herbaceous species, as a result of frost heaving of the 
soil. Such heaving often tears the roots loose from the soil or, in extreme 
cases, may even result in breaking them. If environmental conditions fa¬ 
voring high transpiration rates intervene before the root system can be 
securely re-established in the soil, the plant may be so severely desiccated 
that death or marked injury results. This is often a serious source of in¬ 
jury to winter wheat during “open” winters. One of the advantages of 
mulching plants with straw, leaves, or other materials during the winter 
months is that it greatly reduces frost heaving of the soil. 

(2) Chilling Injury.—Many species of plants, particularly those which 
are native to tropical or subtropical regions, are killed or seriously injured 
by relatively low temperatures above their freezing point. This type of 
low temperature injury is often called chilling injury. For example, Sell- 
schop and Salmon (1928) found that exposure to a temperature of 0.5° 
to 5.0°C. for 24 to 36 hr. was fatal or markedly injurious to rice, velvet 
beans, cotton, peanuts, and Sudan grass. Species which were only slightly 
injured included maize, sorghums, watermelons, and pumpkins, while soy¬ 
beans, buckwheat, tomatoes, and flax showed no evidence of injury from 
such a chilling. The cause of such pronounced effects of low but not freez¬ 
ing temperatures undoubtedly lies in disturbances which are induced in 
the metabolic activities and physiological conditions within the cells. In 
general, the longer the exposure of such plants to chilling temperatures, 
the greater the resulting injury. 

(3) Freezing Injun'.—Many plant, tissues are killed or irreparably in¬ 
jured when they are exposed to temperatures which are low enough to 
cause ice formation within them. This is the most frequent and funda¬ 
mental type of low-temperature injuiy in temperate climates, and most of 
the remainder of the discussion will be devoted to it. 

2. Ice Formation in Plant Tissues .—As their temperature falls below 
0°C., ice crystals sooner or later form in the majority of plant tissues. 
Dry tissues, such as dormant or quiescent seeds, constitute the only im- 
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portant exception to this statement. When liquid water gradually cools, 
freezing usually does not begin at 0°C., but only after its temperature has 
dropped from a fraction to several degrees below its freezing point. In 
other words, the water first undercools before freezing begins. Similarly 
the water in plant tissues usually does not freeze until after the tissues 
have first undercooled. Some plant tissues can undercool as much as 15°C. 
below their true freezing point before crystallization of water occurs, al¬ 
though this is uncommon. The actual freezing points of plant tissues, 
however, are seldom below — 5°C. 

Because of their considerable capacity for undercooling some plant tis¬ 
sues, normally susceptible to frost injury, can survive short exposures to 
freezing temperatures without injury. This is true, for example, of certain 
species of cacti, which often can undercool 10°-15°C. Once such tissues 
actually freeze, however, they are killed or seriously injured. 

When tissues of higher plants freeze, crystallization ot water most com¬ 
monly takes place in the intercellular spaces. The ice crystals enlarge at 
the expense of water which moves toward them, not only from the cells 
immediately bordering the intercelluar spaces, but also from more distant 
cells by passage through intervening cells. The lower the temperature, in 
general, the greater the proportion of the water which freezes in the 


tissues. 

When freezing occurs very rapidly, and sometimes under other condi¬ 
tions, crystallization of water takes place within the cells instead of in 
the intercellular spaces. When intracellular crystallization of water occurs 
ice may form in the cytoplasm or in the vacuole, or both, or it may form 
between the cell wall and the protoplasm. Ice formation within cells is 
often accompanied by ice formation in the intercellular spaces. 

3. Causes of Freezing Injury in Plants .—Living plant cells are usually 
killed when water freezes within them, and this is probably the most usual 
mechanism of freezing injury. In intracellular freezing small crystals of 
ice ramify throughout the cytoplasm (Stuckey and Curtis, 1938; Siinono- 
vitch and Scarth, 1938) and their lacerating effect is apparently so effec¬ 
tive in disorganizing the protoplasmic structure that death of the cell 


results. . . 

When ice formation occurs in the intercellular spaces of a plant tissue, 

death of the cells may or may not result, depending upon the hardiness 
(see later) of the tissue. One explanation of freezing injury under these 
conditions is that the withdrawal of water from the cells results in a 
dehydration of the protoplasm which in turn induces various disorganizing 
effects, of which a coagulation of certain layers of the protoplasm appears 
to be the most destructive. A second is that the formation of ice crystals 
in the intercellular spaces results in mechanical deformations of the pro¬ 
toplasm, either as a result of direct pressure, or by a withdrawal of aater 
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from the cell, or a combination of both, which in turn causes death of the 
cells. Freezing injury under some conditions appears to result, not at the 
time of ice formation in the intercellular spaces, but during the subsequent 
thawing. This is especially prone to occur when the thawing is rapid (Iljin, 
1933). Death under these conditions apparently results from various 
mechanical distortions of the protoplasm attendent upon the too-rapid 
re-entry of water into the cells from the intercellular spaces. 

4. Frost Resistance and Hardening. —Many plant tissues can survive 
the formation of ice crystals within them, a property called frost re¬ 
sistance or hardiness. Furthermore, the degree of frost resistance is not 
a fixed quantity but can be modified in many plants as a result of the 
natural or artificial conditions to which they are subjected. On the other 
hand, there are many plants which are never frost resistant under any 
conditions. Increase in the frost resistance of a plant tissue is called 
hardening; a decrease in its frost resistance, dehardening. Temperature is 
the principal, although not the only, environmental factor inducing 
changes in the hardiness of plants. Exposure of many kinds of plants to 
temperatures just above the freezing point results in a marked increase in 
their frost resistance. Crop plants such as cabbage which are to be planted 
early in the spring are often hardened artificially before being set out in 
the field. This is usually done by transferring the cabbage seedlings from 
the greenhouse to a cold-frame for a few days before they are trans¬ 
planted into the field. Ilarvey (1930) found that exposure of cabbage 
plants to a temperature of 0°C. for 2 to 4 hr. per day kept the plants in 
a hardy condition even if they were exposed to temperatures of 20°C. 
during the remainder of the day. Continuous exposure of hardened plant 
tissues to relatively warm temperatures, on the other hand, sooner or later 
results in dehardening. 

Seasonal variations in hardiness are of normal occurrence in the organs 
of temperate zone species which arc exposed to freezing temperatures dur¬ 
ing the winter months. The leaves of temperate zone evergreens and the 
buds and stems of temperate zone deciduous trees and shrubs have little 
or no frost resistance during the summer, but pass into a hardened con¬ 
dition during the autumn, remain relatively frost resistant during the 
winter months, and undergo a dehardening process in the spring (Winkler, 
1913; Meyer, 1932). 

Not all of the organs on a plant are equally frost resistant at a given 
time. In deciduous woody plants mature leaves are commonly more hardy 
than young leaves, mature stems commonly more hardy than young 
stems, and stems in general more hardy than leaves. Floral organs may be 
more or less hardy than leaves, depending upon the species. In temperate 
zone woody species on which the flower buds open earlier in the season 
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than leaf buds, such as elms, maples, and witch hazel, the floral parts are 
more frost resistant than the leaves. On the other hand, floral parts of 
apple and some other fruit trees, at a certain stage in their development, 
are notoriously more sensitive to frost injury than the young leaves which 
are present on the tree at the same time. 

Complete immunity of any plant tissue to frost injury requires pre¬ 
vention of intracellular freezing and also either prevention oi intercellular 
freezing or else a capacity of the cells to survive its effects. The funda¬ 
mental basis of frost resistance undoubtedly lies in certain properties of 


the protoplasm. The changes in protoplasmic properties which are known 
to be closely correlated with the hardening of plant tissues are an in¬ 
creased permeability of the protoplasmic membranes to water and other 
polar compounds, a decreased structural viscosity of the cytoplasm, and 
a reduced liability to coagulation as a result of dehydration of certain 
layers of the cytoplasm (Levitt, 1941; Scarth, 1944). An increased hy- 
drophily of the protoplasmic colloids—largely proteins—could account for 
all of these shifts in the properties of the protoplasm. The increased per¬ 
meability of the protoplasmic membranes favors outward movement of 
water during freezing anti reduces the likelihood of intracellular ice forma¬ 
tion. The structural changes which occur in the protoplasm presumably 


make it better able to withstand mechanical stresses resulting from with¬ 


drawal of water when ice forms extracellularly 

Certain grosser features of plant tissues are frequently, although not 
invariably, correlated with frost resistance. Among these are the three 
interrelated properties of relatively low cell-water content, relatively high 
sugar content of the cells, and relatively high osmotic pressure ol the cells. 
It is also noteworthy that many tissues in which the cells are relatively 
small in size arc potentially capable of marked resistance to freezing. 
All of these factors, however, appear to be of only secondary signifi¬ 
cance in frost resistance as compared with the protoplasmic factors previ¬ 
ously mentioned. They appear to be accessory factors in frost resistance 
because they lessen the amount of cell shrinkage upon freezing and hence 
decrease the severity of the resulting deformations of the protoplasm. 

It is also worthy of mention that a high correlation between fro>t re¬ 
sistance and drought resistance (Chap. XV) has been found in many kinds 


of plants. 

5. Survival of Extremely Low Temperatures by Haul 'tissues. In 
apparent contradiction to some of the preceding discussion is tin* fact 
that various kinds of seeds, spores, algae, bacteria, fungi, and other plants 
or plant parts can be cooled to the temperature of liquid air (about 
— 192°C.), or even lower, without injury. Relatively dry plant tissues or 
organs such as seeds or spores survive such treatments unharmed largely 
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because the quantity of water present in them is so small that freezing 
cannot occur. However, even relatively moist plant tissues can be exposed 
to liquid air temperatures under certain conditions without injury. For 
example, moss plants [Mniliin sp.), with a water content of more than 
65 per cent, survived exposure to liquid air if they were warmed up rapidly 
when removed, but were killed if warmed up slowly (Luvet and Gehenio, 
1940). The explanation for the tolerance without injury of such low tem¬ 
peratures by tissues of relatively high water content, as given by these 
authors, is as follows. Below a temperature of about —20°C. the mech¬ 
anism of crystallization in water operates very feebly. It is not possible 
to cool pure water fast enough to prevent its freezing, but many aqueous 
solutions and colloidal systems, if cooled very rapidly, as by immersion 
in liquid air, fail to freeze, but pass instead into a vitreous (glasslike) 
condition. This is also true of the cellular constituents of many plant and 
animal tissues. If such vitrified tissues are wanned up very rapidly no 
crystallization of water ever occurs in them and they survive the low 
temperature treatment without injury. If, on the other hand, their tem¬ 
perature is raised gradually after vitrification, ice crystals form when the 
zone of freezing temperatures is reached, and the tissues will be killed or 
damaged. 

Heat Injury and Heat Resistance. —1. Causes of Injury to Plants at 
Relatively Iliqh Temperatures .—Several types of injury result to plant 
cells either directly or indirectly from relatively high temperatures: 

(1) Desiccation Injury.—High leaf temperatures resulting either from 
intense insolation or high air temperatures, or both, may result in exces¬ 
sive rates of transpiration. A relatively high rate of water loss, particu¬ 
larly at times when the rate of absorption of water is sluggish, often leads 
to death of some or all of the leaves or branches on a plant as a result of 
desiccation. In extreme cases entire plants are killed in this way. 

(2) Injury Resulting from Metabolic Disturbances.—Relatively high 
temperatures often induce various types of metabolic disturbances which 
are detrimental or even fatal to plants. One important example of such 
an effect has been described earlier in the chapter. With rise in tempera¬ 
ture, increase in the daily photosynthesis in a plant usually fails to keep 
pace with increase in its daily respiration. Relatively high temperatures 
therefore frequently cause a stunting of plants because a disproportionate 
amount of the foods manufactured is consumed in respiration. Mainte¬ 
nance of such a condition for extended periods may result in the death of 
plants. 

(3) Direct Thermal Effects upon the Protoplasm.—The thermal death 
point of most active living plant cells is in the approximate range of 50°- 
60°C. The exact temperature at which death of the protoplasm will occur 
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depends upon the length of the period during which the cells are warm¬ 
ing up to the lethal temperature. For example, according to Lepeschkin 
(1912), if the leaf epidermal cells of Rhoeo discolor were heated at such a 
rate that death occurred in 4 min., the lethal temperature was 72.1 °C. If 
the rate of warming was so slow that death did not take place until 150 
min. had elapsed, the thermal death point was only 52.0°C. 

Air temperatures in temperate regions seldom exceed 40°C., and, al¬ 
though the temperature of an insolated plant organ often exceeds that 
of the atmosphere, lethal temperatures are seldom attained for reasons 
discussed in Chap. IX. The surface temperatures of some soils, however, 
may attain values of 70°C., or even higher, when exposed to intense in¬ 
solation. Attempts to reforest denuded areas in certain regions have some¬ 
times failed because of such high soil-surface temperatures. The living 
cells of the stems of the young trees which had been set out were killed 
at the soil line by contact with soil at a temperature above their thermal 
death point, thus causing death of the entire transplant. On the other 
hand, many woody species are habitants of semi-desert regions in which 
high soil temperatures often prevail. The stems of such species are obvi¬ 
ously more heat resistant than those which are injured or killed by contact 
with hot soils. 


Another example of direct heat injury to plants is often evident alter 
a “ground” forest fire sweeps through a woods. Such fires burn fallen 
leaves and branches on the forest floor and are often without any apparent 
immediate effects upon living trees and saplings. Subsequently the tops 
of many of the trees in an area burned over by such a fire die as a result 
of the killing of an encircling zone of living cells at the base of the tiunk 
by the high temperatures to which they have been exposed. 

2. Cause of Heat Injury .—The most generally advocated theory of the 
cause of direct heat injury to plant cells is that it results largely, if not 
entirely, from a coagulation of protein components of the protoplasm 

(Lepeschkin, 1935). . 

3. Heat Resistance .—Certain types of tissues are more resistant to heat 

injury than others. Tissues low in water content generally can endure 
relatively high temperatures better than those of which the contrary is 
true. Dry seeds and spores of some species have endured exposure to 
temperatures of 125°C. and even higher without loss of germinative 

fiADftCltV 

In some plants otherwise susceptible tissues are protected against heat 
injury because they are enclosed within tissues which have a low thermal 
conductivity. The bark of many trees is so tluck that it insulates the 
inner, living tissues against the destructive effects of forest fires. 1 he b.uk 
of the well-known Big Tree (Sequoia gigantea ) of California, for example, 
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is almost as resistant to fire as asbestos, has a very low thermal conduc¬ 
tivity, and may be two feet in thickness. Many other species of coniferous 
trees have a thick, incombustible bark of low thermal conductivity. An¬ 
other well-known example of such a tree is the long-leaved pine (Pinus 
palustris) of the southern United States. 

Effects of Radiant Energy on Vegetative Growth.—The spectrum of ra¬ 
diant energy (Fig. 86) ranges from the very long electric waves to the 
infinitesimally short cosmic waves. All kinds of radiant energy, including 
light, vary in several different ways, the most important of which are: 
(1) irradiance (“intensity”), (2) quality, and (3) duration (Chap. XVII). 
Light is essential to all green plants because of its primary role in photo¬ 
synthesis. Numerous other effects of light upon physiological conditions 
and processes in plants have been discussed in previous chapters. Among 
these are: (1) chlorophyll synthesis, (2) stomatal action, (3) anthocyanin 
formation, (4) temperature of aerial organs, (5) absorption of electro¬ 
lytes, (6) permeability, (7) rate of transpiration, and (8) protoplasmic 
streaming. Several of the most important effects of light on plants remain 
to be discussed in this and the following chapters. 

In this chapter the discussion will be restricted to a few of the more 
striking examples of the effects of differences in the irradiance, quality, 
and duration of light and other forms of radiant energy upon the vegeta¬ 
tive development of plants. 

]. Irradiance .—Variations in irradiance, especially of sunlight, are al¬ 
most invariably accompanied by at least minor variations in the quality 
of light. This fact must frequently be considered in evaluating the effects 
of different irradiances upon growth or other plant processes. Generally 
speaking, however, under natural conditions, differences in irradiance 
have more significant effects upon the growth of plants than differences in 
light quality. 

For o picture of the overall effect of differences in irradiance (“inten¬ 
sity”) upon growth, we must consider the results of investigations such 
as those of Popp (19261 on soybeans. The plants were grown under six 
different irradiances equivalent on the average to illumination values of 
4285, 1536, 560, 390. and 26 foot-candles, respectively. While during the 
initial period of growth the rate of stem elongation varied inversely with 
the irradiance, when growth was considered for a 7 weeks’ period, a some¬ 
what different, relation was found to hold. For such periods the greatest 
height was attained at intermediate values, in this particular experiment 
at 560 foot-candles. The thickness of the stems was found to vary directly 
with the irradiance, while the best general development of leaves, flowers, 
and fruits occurred at the highest irradiance used, which was approxi¬ 
mately half that at noon on a clear summer’s day (Chap. XVII). 
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Somewhat similar results were obtained by Shirley (1929 1935) who 
studied the effects of differences in irradiance upon the development of a 
number of species. In general, the absolute dry weight, percentage of dry 
matter in the tops, rigidity of the stem, and leaf thickness all increased 
with increase in irradiance up to full sunlight, providing other factors were 
not limiting growth. Maximum height of the plants and maximum leaf 
area were attained, on the other hand, at irradiances considerably below 
that of full summer sunlight. Low irradiances also resulted in a consider¬ 
able delay in the time of maximum flowering and fruiting. 

In general the results of these and other similar investigations indicate 
that maximum height and leaf area were attained at irradiances which are 
considerably less than full summer sunlight. Relatively high irradiances 
result in most species in shorter into,nodes, plants of lower stature and 
smaller leaves, but the dry weight, number and size of the root system, 
and production of flowers amt fruits is greater than in weaker irradiances. 
Many species show increased growth in terms of dry weigi I, ’ cre " 

with increased irradiance up to 100 per cent of summersunlght.fno 

other factor is limiting. All phases of the growth of yp.cal shade specie 
are usually retarded, however, by high irradiances. Many tropical species 
for example, are shade plants, and attain their maximum development 

irradiances considerably less than that of full sunligh 

Effects on growth such as those described in the preceding several para¬ 
graphs actually represent the integrated influences of J-nypr."-.*; 
curbing within the plant, a number of which are conditioned directly or 
Indirectly by light. Some of these effects of light are directly on one plume 
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Fig. 148. Seedlings of bean (Phaseolus vulgaris) about two weeks old grown in 

light (left) anti total darkness (right). 


toms. When seedlings of monocotyledonous species develop in the absence 
of light the chlorophyll-free leaves are relatively narrow and more attenu¬ 
ated than the leaves of similar plants which have developed in the light 
i Fig. 149». The distinctive development of plants in the complete absence 
of light is called etiolation. 

Exposure of a plant to light of a very low irradiance is sufficient to 
prevent the development of any pronounced earmarks of etiolation. When 
seedlings develop in weak light, expansion of leaves and synthesis of 
chlorophyll occurs much as in strong light, and the internodes do not 
elongate as much as in similar plants growing in the dark, although the 
plant will usually present a more attenuated appearance than in strong 
light. Even short temporary exposures to light result in the development 
of a much more nearly normal configuration in plants which are otherwise 
kept in the dark (Priestley, 192.5. 192(3; Biebel. 1942; and others). 

The attenuated structure of leaves (monocotyledons.) and of hypo- 
cotyls and stems (dicotyledons) of etiolated plants as compared with 
similar organs developed in the light appears to result chiefly from an 


increase in the length of their component cells, but is also in part a result 
of a greater number of cell divisions in the etiolated plants (Avery et al., 
1937i. Light thus has two distinctly different retarding effects upon 
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growth in length of plant organs, one on cell division and one on cell elon¬ 
gation. In the first internode of oats, inhibitory effects of light on cell 
division can he induced at much lower irradianccs than inhibitory effects 
on cell enlargement (Goodwin, 1941 i. Within limits the magnitude of the 
retarding effect of light upon increase in length of plant organs becomes 
greater with increased irradiance or with increased exposure time at the 
same irradiance (Bicbcl. 1942). 

Thomson (1950) has shown that light has an accelerating effect on 
the rate of elongation of the coleoptile and internodes of oats but that the 
duration of this phase of growth is sufficiently shortened by exposure to 


Fig. 



149. Seedlings of maize (Zea mais) about two weeks old grown in light 

(left) and in total darkness (right). 


light that the net effect is that of a lessened elongation of these organs. On 
the other hand, light was found to increase the rate of elongation of the 
leaf but had little or no effect on the duration of the elongation period in 
this*organ, so that the net effect of illumination is to increase the length 

of the leaf. . . , * 

In contrast with its retarding effects on elongation and enlargement of 

many plant cells, exposure to light generally favors structural diffeicn na¬ 
tion of cells. . . 

2 Light Qualit //.—Different qualities of light are obtained in two prin¬ 
cipal ways for experimental work with plants. The most com.,.only use,I 
method is to interpose a filter of colored glass, gelatin, or other turns- 
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parent material between a light source and the plant or plant part to be 
irradiated. The light source may be the sun but is more commonly an 
artificial one such as a tungsten filament, fluorescent, carbon arc, or mer¬ 
cury-vapor arc lamp. The wave-length composition (“quality”) of the 
light falling on the plant will be in part a function of the emission spec¬ 
trum of the source, and in part a function of the transmissive properties 
of the filter, and can be determined with a spectrophotometer. By follow¬ 
ing such a technique it is possible to separate out from the visible spec¬ 
trum a number of bands of wave lengths each corresponding approxi¬ 
mately to a known color or narrow range of colors. In the simplest 
experiments upon the effect of light quality on growth as few as three 
wavebands may be used, corresponding roughly, for example, to the blue, 
green, and orange-red regions of the spectrum. 

A second method which has been employed to obtain different qualities 
of light in plant experimentation is that of dispersion of a beam of “white 
light” through a system of prisms and exposing the plant material to 
different regions of the resulting spectrum. This method can be used only 
when the plant parts to be irradiated are relatively small, as even with 
the largest prisms available only narrow bands of light of a given color 
ran be isolated by this method. 

Most qualitatively different lights which have been available for ex¬ 
perimental use are relatively low in irradiance, and this fact has imposed 
definite limitations on the scope of investigations into the relation between 
light quality and various plant processes. Comparisons between the effects 
of one quality of light and another one on a given reaction in plants are 
valid only when their irradiances at the plant surface are equal. When 
such comparisons arc made in the following discussion such an equality of 
irradiance is to be assumed. 

All experiments upon the effect of limited ranges of wave lengths of 
light upon growth lead to the not surprising conclusion that overall de¬ 
velopment of a plant and increase in its dry weight take place more effec¬ 
tively in the full spectrum of visible light than in any spectral portion 
thereof. Overall growth of plants in the green is much less than in either 
the blue-violet or orange-red portions of the spectrum (Rohrbaugh, 1942). 
The lesser growth in the green undoubtedly results largely, if not en¬ 
tirely, from the restricted expansion of leaves (see later) and the lower 
efficiency of photosynthesis in the green per unit of incident light as com¬ 
pared with other parts of the spectrum. 

The growth reactions to a given spectral band of visible light differ 
from one organ of a plant to another. Light from the orange-red region 
generally results in a lesser elongation of stems and hypocotyls than light 
from other parts of the spectrum. The first internode of oats and other 
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grasses (Weintraub and Price, 1947; Goodwin and Owens, 1948), the 
hypocotyl and first internode of bean (Withrow, 1941; Rohrbaugh, 19421, 
and the internodes of pea (Went, 1941) all elongate less in the orange-red 
region of the visible spectrum than in the other regions. Elongation of such 
organs appears to be greatest in the blue-violet, less in the green, still less 
in the orange-red, and least in the complete spectrum of visible light (Fig. 
150). There is also evidence that ultraviolet radiation has a marked in¬ 
hibitory effect upon the elongation of plant organs (Popp and Mcllvaine, 

1937) 

The order of effect of different regions of the spectrum on leaf growth 
differs from that on the elongation of stems. Expansion of the leaf blades 



Fig. 150. 
curve for 


Relation between wave length of light and stem and 
phototropism is also included for purposes of comp. 

from Went (1041). 
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of pea (Went, 1941) and bean (Rohrbaugh, 19421 is much retarded in 
the green portion of the spectrum as compared with (lie orange-red or 
blue-violet regions (Fig. 150). Maximum expansion occurs in the full 
spectrum of visible light, next greatest in the blue-violet and let st in the 
green Parker et al. (1949), in a more precise study of the action -| 
turn” of this phenomenon, have shown that the spectral region of maxi¬ 
mum effectiveness in promoting elongation of pea leaves lies in the mange- 

red between wave length limits of 610 and 710 mg. 

All wave lengths of ultraviolet shorter than those found in the su .ligli 
which reaches the earth’s surface have a retarding effect on growth ami 
often a destructive influence on seed plants. The longer wave lengths of 
ultraviolet which are components of the solar radiation a mg oni u 
earth’s surface arc apparently not essential for plants. Such wavei c g^ 
of ultraviolet do not penetrate ordinary greenhouse glass, but many kinds 
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of plants readily complete their life cycle from seed to seed when grown 
in greenhouses. It is highly probable that the effects of such relatively long 
wave-length ultraviolet radiation on plants do not differ greatly from 
those of the relatively short wave-length visible radiation at the violet end 
of the visible spectrum. 

Although nearly half of the solar radiant energy which reaches the 
earth’s surface is in the infrared, there is no evidence that radiations in 
this part of the spectrum are in any way essential to plants. Although 
much of the infrared falling on plants is reflected or transmitted by leaves 
or other organs, some is absorbed, and may have effects on growth and 
other plant processes. Tomato plants exposed to a relatively high irradi- 
ance of infrared plus visible radiation had longer internodes, larger leaves, 
and less chlorophyll than similar plants receiving the same quantity of 
visible radiation, but no infrared (Johnston, 1932). 

3. Duration of the Light Period .—In all parts of the world except the 
tropics and subtropics, marked seasonal variations occur in the length of 
the daylight period. At 39° N. latitude (approximately that of Washing¬ 
ton, D. C\), for example, on the shortest day (December 21) the period 
from sunrise to sunset is only about 9 1 .4 hr.; on the longest day (June 21) 
it is about 15 hr. At higher latitudes the annual variation in day length is 
greater; at lower altitudes less (Table 44). In the southern hemisphere 
the annual variation in day length is the same as that at corresponding 
latitudes in the northern hemisphere, but the season of short days north 
of the equator is the season of long days south of the equator, and vice 
versa. 


TABI.F 44—APPROXIMATE NUMBER OF HOURS OF SUNSHINE POSSIBLE A I* VARIOUS 

DEGREES OF NORTH LATITUDE 


Degrees N. 
latitude 

Approximate latitude of* 

Hours of sunshine possible 

Dec. 21 

Mar. 21 

June 21 

Sept. 21 

=5 

Key West, Fla. 

1 10.6 

12.2 

137 

12.2 

V 

Palm Beach, Fla. 1 

10.4 

12.2 | 

*3 9 

12.2 

29 

San Antonio, l ex. 

10.3 

12.2 

14.0 

12.2 

3> 

Mobile, Ala. 

10.1 

12.2 

14.1 

12.2 

33 

Charleston, S. C. 

10.0 

12.2 

•4-3 

12.2 

35 

Memphis, Tcnn. 

9 - 8 

12.2 

>4-5 

12.2 

37 

San brand sco. Cal. 

9.6 

12.2 

«4-7 

12.2 

39 

Washington, D. C. 

9 4 

12.2 

I4.9 

12.2 

41 

Omaha, Neb. 

9 - 

12.2 

15.1 

12.2 

4? 

Milwaukee, Wis.. 

9.0 

12.2 

15 4 

12.2 

45 1 

Portland, Ore. 1 

8.8 

12.2 

15.6 

12.2 

47 

Duluth, Minn. i 

8-5 

12.2 

15.9 

1-3 

49 

Vancouver, B. C. 

8.2 

12.2 

16 2 

l -- 3 
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The development of plants as conditioned by the daily length of the 
light period, a phenomenon called photoperiodism, is one of the most 
notable of all reactions of plants to their environment. The length of the 
natural photoperiod is somewhat longer (on clear days about 1 hr.) than 
the period from sunrise to sunset, because light intensity during a portion 
of the morning and evening twilights is sufficient to induce photopcriodic 

effects. 



Fits. 151. Maryland Mammoth tobacco plants from Garner and Allard s exper¬ 
iments. Plant oil left kept under natural winter daylight (short day); plant on 
right kept under natural winter daylight plus artificial light rom Mins*e o 
midnight (long day). Photograph from U. S. Department of Agriculture. 


The foundations of our knowledge of photoperiodism were laid when 
Garner and Allard (1920) observed the behavior of plants of the •Mary¬ 
land Mammoth” variety of tobacco while growing in a greenhouse during 
the winter months. This variety of tobacco grows to a height of 10-15 feet 
but does not ordinarily blossom in the summer while growing outdoors in 
the vicinity of Washington, D. C. Plants grown in a greenhouse during 
the winter, on the other hand, did not exceed a few feet in height, but 
blossomed profusely and bore excellent crops of seed (I ig. 151). 1 hesc 
observations led to the hypothesis that the dissimilar development of the 
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tobacco plants during the two seasons resulted from the difference in 
length of day, and subsequent more critically performed experiments con¬ 
firmed this hypothesis. 

Further experimentation on a variety of species soon resulted in the 
discovery that different kinds of plants react differently to a given length 
of photoperiod and that the most conspicuous effect of day length is on 
the reproductive growth of plants. Flowering in some kinds of plants, such 
as Maryland Mammoth tobacco, is favored by short days, in other kinds 
by long days, and in still other kinds by a wide range of day lengths 
(Chap. XXXII). 

In this chapter discussion of this topic will be restricted to a considera¬ 
tion of certain effects of day length upon vegetative growth. A number of 
such effects have been recognized. Photoperiodic effects upon reproductive 
growth may indirectly induce effects upon vegetative growth. Many short- 
day plants, exposed to long days, grow in height indeterminately, but if 
exposed to short days vegetative growth in height is soon checked as a 
result of the differentiation of a terminal inflorescence. Many long-dav 
plants, on the other hand, develop only as leaf rosettes when exposed to 
short days, elongation of flower-bearing stems occurring only under long- 
day conditions. The length of the photoperiod also has direct effects upon 
certain phases of vegetative growth; examples of two such effects are 
discussed below. 

Fuberization in a number of species is markedly influenced by the 
length of the photoperiod. In the McCormick variety of potato, for ex¬ 
ample, no tubers form when the plants are exposed to an 18-hour photo¬ 
period, but there is a good yield of tubers when the photoperiod is 10 hr. 
long (Garner and Allard, 19231. Similarly, tubers form abundantly on 
the underground stolons of the Jerusalem artichoke (Helianthus tubero- 
■sus) when the plants are exposed to 9-lir. photoperiods, but do not form 
when the plants are exposed to 18-hr. photoperiods. Furthermore, exposure 
of only one leaf of a plant of this species to a 9-lir. photoperiod while the 
rest of the plant is at an 18-hr. photoperiod induces tuber formation just 
as if the entire plant were exposed to the short photoperiod, but exposure 
of the terminal bud to a 9-lir. photoperiod while the rest of the plant is at 
an 18-hr. photoperiod has no such an effect (Hamner and Long, 1939). 
Obviously the leaves arc the locus of a photoperiodic reaction, the effects 
ot which are communicated in some manner or another to the underground 
organs of the plant and influence their development. Such an effect can be 
visualized most easily in terms of a hormonal mechanism. 

The development of bulbs by certain species of plants is markedly in¬ 
fluenced by the length of the photoperiod to which the plant is exposed. 
Bulb formation in most varieties of onions, for example, is favored by 
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relatively long photoperiods, the minimum effective photoperiod varying 
from about 12 to 16 hr. according to the variety (Magruder and Allard 

1937). 

Water.—The dynamic condition of the water in a plant is largely con¬ 
trolled by the opposing effects of the processes of transpiration and water 
absorption (Chap. XV). Whenever the rate of the former process exceeds 
the latter for any appreciable period of time the volume of water within 
the plant shrinks. This results in a diminution in cell turgidity, an increase 
in the diffusion-pressure deficit of the water in the cells, and a decrease in 
the hydration of the protoplasm and cell walls. A decrease in the hydra¬ 
tion of the protoplasm in the cells of any meristematic tissue usually re¬ 
sults in a cessation or checking of cell division or cell enlargement or both. 
Contrariwise, a shift in environmental conditions which brings about, di¬ 
rectly or indirectly, an increase in the hydration of the protoplasm of a 
meristem usually results in an increase in the rate of these two phases of 

growth if no other factors are limiting. ..... 

Not all phases of growth are equally affected by a diminution in the 
volume of water within a plant. Both cell division and cell enlargement 
are adversely influenced by even a moderate deficiency of water. It should 
be recalled, however, that when an internal deficiency of water exists 
within a plant, water often moves from other organs toward the meriste¬ 
matic tissues (Chap. XV). The enlargement phase of growth is seemingly 
checked more by an internal shortage of water than the cell division 
phase. Maximum enlargement of cells during growth apparently can be 
attained only when the water supply to them is not appreciably restricted 
If a shortage of water prevails within the plant the enlargement of cells 
terminates earlier than when water is present in abundance, and structural 
differentiation of the cells ensues sooner. Deficiency of water, in general, 
favors structural differentiation of cells over the cell division and enlarge¬ 


ment phases of growth. . , 

Water, as it affects growth processes, operates primarily as an internal 

factor but, as such an internal factor, is influenced by a galaxy of environ¬ 
mental conditions. Any external factor which affects the rate of transpira¬ 
tion or the rate of intake of water will therefore have an influence on the 
rate of growth. While temporary periods of internal-water deficiency may 
result from the effects of other environmental factors, principally those 
influencing transpiration rates, prolonged periods of internal dearth of 
water in plants mostly result from an inadequate supply of available soil 


In many habitats periods during which available water is present 
the soil may alternate with periods during which there is “° 

available water present. Most kinds of plants can survive such intermit- 
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tent periods of soil drought if none of them is too prolonged. In general, 
however, the more frequent and longer such periods of drought are during 
a growing season, the less the overall growth of a plant. 

For most kinds of plants, a soil-water content in the vicinity of the 
field capacity is the most favorable to continued growth. With a decrease 
in the soil-water content, marked effects on growth do not appear until 
the permanent wilting percentage is approached (c/., effects on absorption 
of water, Chap. XI\). At the permanent wilting percentage all growth 
ceases (Y\ adleigh and Gauch, 1948). As the soil-water content increases 
above the field capacity, the growth of most species will sooner or later 
be retarded as a result of the concomittant decreased aeration of the soil. 

hile the roots of plants are usually in contact with liquid water in the 
soil, the aerial parts of plants are continuously bathed in a gaseous 
medium in which water-vapor molecules are present. The humidity of 
the atmosphere is thus another water factor which affects growth and 
other processes in plants. In this connection it should be recalled that the 
significant index of atmospheric humidity is the vapor pressure and not 
tne relative humidity (Chap. XI). In general, small variations in the 


vapor pressure of the atmosphere have very little influence on the water 
content of plants, and hence no appreciable effect on growth rates. This is 
especially true whenever the soil-water supply is adequate. When the dif¬ 
ferences in vapor pressure are considerable, however, marked effects on 
growth result. This is exemplified in the work of Nightingale and Mitchell 
(1934) who exposed two groups of tomato plants, both at 70°C. and pro- 
VK et ' Vltl ‘ adequate supplies of soil water, to relative humidities of 35 
per cent and 95 per cent, respectively. The plants at the higher humidity 
grew much faster and developed thin-walled, succulent tissues. Those at 
the lower humidity, in which there was undoubtedly a more marked in- 
terna 1 deficiency of water, grew relatively slowly, developed thick-walled 
cells, and m general lacked succulence. At the higher humidity, cell divi¬ 
sion and enlargement, resulting in the development of succulent tissues, 
were obviously favored more than structural differentiation. At the lower 
mmidity, structural differentiation, principally in the form of a thicken¬ 
ing ol the walls, predominated rather than cell division and enlargement. 

In general, plants which have developed under adverse soil-water con¬ 
ditions are dwarfed or stunted. Excellent naturally occurring examples 
of the effect of soil drought on the development of plants are always evi¬ 
dent during years of deficient precipitation in normally mesic habitats. 
\V heat, maize, and other cereal crops, for example, never attain their usual 
stature during a drought season. Similarly the annual shoots of woody 
species do not increase as much in length during droughts as during sea¬ 
sons when water is present in abundance. Diameter growth of woody 
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stems is also often retarded during drought years. On the basis of this 
fact, numerous attempts have been made to trace past climatic cycles in 
regions in which trees that have attained a considerable age are found by 
a study of the growth rings in the trunks. Considerable caution must be 
exercised, however, in interpreting such data (dock, 1941). 

An inadequate soil-water supply may check the growth of a plant more 
at certain stages in its develojwnent than others. In many species vegeta¬ 
tive growth is more likely to be retarded by soil-water deficiency than the 
development of reproductive organs. In some species there are certain 
critical periods during which the water supply must be adequate else pro¬ 
nounced modifications in the morphogenic development of the plant will 
occur. This is true of wheat and the other small grains in which elongation 
of the inflorescence-bearing stem does not occur until the internodes and 
inflorescence have been differentiated. Deficiency of water during this 
elongation or “shooting” period exerts a marked retarding effect upon the 
height growth of such species, and also upon their yield. 

Concentration of the Soil Solution.— Although the concentration of sol¬ 
utes in the soil solutions of most soils is so low that their osmotic pressures 
do not exceed a fraction of an atmosphere, certain noteworthy exceptions 
to this statement exist. Among these are salt marsh, saline and alkali 
soils, in which soil solution osmotic pressures of tens or even hundreds of 
atmospheres may be attained. Soil solution osmotic pressures ranging up 
to at least ten atmospheres may also exist under certain cultural condi¬ 
tions. Examples are soils which have been irrigated with water containing 
relatively high concentrations of salts, or soils which have been injudi¬ 
ciously overfertilized. This latter situation is quite commonly encountered 

in greenhouses. 

Increase in the osmotic pressure of the soil solution leads to a decrease 
in the rate of absorption of water and, hence, would also be expected to 
result in a retardation in growth. The reality of such an effect has been 
demonstrated by a number of investigators. The results of Hayward and 
Long (1943), for example, show that the higher the osmotic pressure of 
the solution in a sand culture, as brought about by increased concentra¬ 
tions of sodium salts, the less the growth, measured as dry weight incre¬ 
ment, of tomato plants (Fig. 152). Similarly Gauch and Wadleigh (1944) 
showed that dry-weight increment of bean plants decreased proportion¬ 
ately with increase in osmotic pressure of aerated solution cultures up to 
4 5 atm if NaCI, Na^SO,, or CaCL was the salt used to bring about the 
increase in osmotic pressure. If the osmotic pressure was increased by the 
addition of MgCb, or MgSO<, however, growth was retarded more in solu¬ 
tions above 1.5 atm. osmotic pressure than in isosmotic solutions in which 
sodium or calcium salts were the principal solutes present. Although the 
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152. Relation between osmotic pressure of substrate and vegetative growth 

of tomato. Data of Hayward and Long (1943). 


primary cause of the retarding effect of an increased concentration of 
solutes in the soil solution is undoubtedly an osmotic one, some kinds of 
solutes, such as magnesium salts, when present above a certain concentra¬ 
tion, exert secondary toxicity effects which further retard growth. In 
naturally occurring alkali soils still other conditions are present which 
have a depressing effect on growth (Magistad, 1945). 

T he relation between concentration of solutes in the aqueous medium 
and the rate of growth is also an important consideration in sand and 
solution culture techniques (Chap. XXV). 

Concentration of Gases in the Soil Atmosphere. —Except in very well- 
aerated soils, such as sands or sandy loams, the concentration of carbon 
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dioxide in the soil atmosphere is usually higher, and the concentration of 
oxygen usually lower, than in the aerial atmosphere (Chap. XIV). 
Marked deficiencies in soil aeration exist most commonly in over-w’et 
soils, but such a condition may also be present in fine-pored, tightly 
packed soils even when they are relatively dry. 

In general, indequate aeration results in a retardation in the growth of 
most kinds of plants. The principal exceptions to this statement are plants 
which are native to marshy or boggy terrains. As an example of such an 
effect we may consider the growth of sunflower and soybean plants which 
developed in unaerated sand and loam as contrasted with other plants 
of the same species grown in similar but aerated soils (Lochwing, 1934). 
Aerated plants were taller and heavier, had larger and more fibrous root 
systems, and a smaller shoot-root ratio (Chap. XXXIII) than the un¬ 
aerated plants. The ash, calcium, potassium, and phosphorus contents per 
plant were greater in terms of absolute weight in aerated as contrasted 
with unaerated plants. Similarly the total weights per plant of starch, 
total sugars, and nitrogen were greater in the aerated plants than in the 
unaerated plants. 

The retarded growth of plants in poorly aerated soils undoubtedly re¬ 
sults largely from the reduced absorption of water (Chap. XIV ) and from 
the reduced absorption of mineral salts (Chap. XXI\ ) which occur under 
such conditions. Another possibility is that of diminished eaulocaline syn¬ 
thesis (Chap. XXIX). Although when carbon dioxide concentrations in 
soils are sufficiently high that they exert a retarding effect on growth, such 
concentrations are not often obtained even in poorly aerated soils. Leon¬ 
ard and Pinckard (1946), for example, found that a carbon dioxide con¬ 
centration of at least 30 per cent was necessary in the gas mixture saturat¬ 
ing a solution culture to result in even a small inhibiting effect on the 
growth of cotton roots. Concentrations of carbon dioxide In the soil at¬ 
mosphere apparently do not often exceed 15 per cent. On the other hand, 
concentrations of oxygen low enough to exert a retarding effect on growth 
are frequently attained in poorly aerated soils. Growth is retarded in the 
roots of many species when the oxygen concentration of the soil drops 
below 10 per cent (Cannon, 1925, and others). In poorly aerated soils 
oxygen concentrations are frequently less than this and often approach a 
zero value. A deficiency of oxygen therefore appears to be the more 
important factor in causing diminished growth of both roots and plants 
as a whole in poorly aerated soils than an excess of carbon dioxide. 

Mineral Elements. —Although it is conventional to speak of the effects 
of mineral elements on plant growth, strictly speaking they do not have 
effects as such, but only when present in the form of ions, or as constitu¬ 
ents of molecules. The many and complex relations of the various essential 
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and some nonessential mineral elements to the growth and metabolism 
of plants have already been discussed in Chap. XXV. 

Nitrogen. —In the literal sense nitrogen per se has no effects on the 
metabolism or growth of the higher green plants. The word is conven¬ 
tionally used, however, for brevity, as a blanket designation for the 
various nitrogenous compounds which participate in the physiological 
processes of plants. 

Both carbohydrate and nitrogenous foods are necessary for the devel¬ 
opment of any plant. Deficiency of either soon results in the appearance 
of characteristic and recognizable peculiarities of growth. The supply of 
carbohydrate and nitrogenous foods within a plant is influenced by many 
factors. Among these are the reciprocal relationships which exist between 
these two kinds of foods. Primary synthesis of amino acids and similar 
compounds occurs only at the expense of carbohydrates or their deriva¬ 
tives which serve both as building material (together with nitrates, or 
other nitrogen-containing compounds) and as a source of energy (Chap. 
XXVI). Rapid amino-acid synthesis therefore results in a diminution in 
the proportion of carbohydrate foods in a plant, while plants in which 
amino acid synthesis occurs slowly will often be proportionately rich in 

carbohvd rates. 

% 

As described in the preceding chapter, continued growth of any meri- 
stem requires that there be maintained to it a supply of both carbohy¬ 
drate and nitrogenous foods. Both of these kinds of compounds are 
assimilated in relatively large quantities, especially during the cell divi¬ 
sion and enlargement phases of growth, and, next to water, these two 
classes of substances arc utilized in greatest quantities during growth. 

('onsiderable quantities of carbohydrates are also used up in any actively 
growing meristem in the process of respiration. 

If the supply of nitrogenous foods to any actively growing vegetative 
meristem is abundant relative to the supply of carbohydrate foods, a 
large quantity of protoplasm will be formed relative to the amount of 
cell-wall material constructed. The resulting cells will usually be large, 
thin-walled, and will contain an abundance of protoplasm. Tissues com¬ 
posed mostly or entirely of such cells are usually soft and succulent. The 
proportion of mechanical tissue developing under such metabolic condi¬ 
tions is ordinarilv small. 

* 

As a direct outcome of its influence on the development of organs and 
tissues from meristems, a relatively high proportion of nitrogenous to 
carbohydrate foods within a plant results in distinctive morphogenic 
effects on plants (Kraus and Kraybill, 1918, and others). Such plants are 
usually vigorously vegetative. The tops are generally large, both in abso¬ 
lute size, and relative to the size of the root system. Leaves are usually 
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large, soft in texture, and dark green in color. The stems are generally 
thick, pithy, and succulent. In common parlance the plants ‘ go to tops” 
under these metabolic conditions, which are most commonly engendered 
by an excess of nitrogenous compounds in the soil. Plants exhibiting this 
luxuriant type of vegetative development usually are comparatively 
unfruitful (Chap. XXXII). 

If the opposite metabolic situation prevails within a plant, and carbo¬ 
hydrate foods are relatively more abundant than nitrogenous foods, pro¬ 
portionately more cell-wall structure and less protoplasm will be fabri¬ 
cated. The resulting cells will be small and thick-walled and will contain 
comparatively little protoplasm. Tissues composed largely or entirely of 
such cells are usually compact and more or less woody. The development 
of fibers and of mechanical tissues generally is also favored by an excess 
of carbohydrate relative to nitrogenous foods. 

Under metabolic conditions such as those described in the preceding 
paragraph the overall morphogenic development of a plant is different 
from that which results when nitrogenous foods are relatively more 
abundant (Kraus and Kraybill, 1918, and others). If the proportion of 
nitrogenous foods available is not too low, the vegetative development 
of the plant will be good but not luxuriant. Stems will be thick and rela¬ 
tively woody; leaves will be well developed and a normal green in color. 
In size and stature such plants are smaller than those developed when 
nitrogenous foods are present in greater abundance, and the proportion 
of tops to roots is smaller. Generally speaking, however, flowering and 
fruiting occur much more abundantly in such plants than in those in 
which the proportion of nitrogenous to carbohydrate foods is greater. 

An extreme deficiency of nitrogenous foods, which rarely occurs unless 
nitrogen compounds are deficient in the soil, results in a stunting ot 
plants, and development of the characteristic symptoms of nitrogen 
deficiency (Chap. XXV). On the other hand, an extreme deficiency of 
carbohydrate foods also results in a stunting of plants. Such carbohy¬ 
drate deficient plants are likely to be succulent in growth in contrast to 
nitrogen-deficient plants which are usually woody. Dearth of nitrogenous 
foods limits growth because little or no new protoplasm can be formed; 
dearth of carbohydrate foods limits growth largely because it cheeks 
synthesis of new cell-wall materials, although indirectly synthesis of 
protoplasm may also be limited because carbohydrates are also required 

in amino-acid synthesis. , . 

In the practical growing of plants more or less control over their devel- 

opment is often exercised by employing cultural practices which influence 
the proportionate quantities of carbohydrate and nitrogenous foods 
within the plant. One of the more obvious ways in which this can be done 
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is by varying the quantity of nitrogenous fertilizer applied to a soil. 
Many other cultural practices also influence the relative quantities of 
these two major kinds of foods as well as other metabolic conditions in 
a plant, and hence its morphogenic development. The more important of 
these are watering, shading, pruning, controlling of temperature in green¬ 
houses, fertilizing, crop rotation, and the interplanting of one crop with 
another. 

Atmospheric Gases. —In the aerial atmosphere, unlike the soil atmos¬ 
phere, the concentration of oxygen is virtually constant, and does not 
need to be considered as a variable influencing the development of plants 
under natural conditions. Variations in the carbon dioxide concentration, 
although occurring over a much narrower range in the aerial than in the 
soil atmosphere, are often sufficient to have considerable effect on the 
rate of photosynthesis (Chap. XIX). The water-vapor content of the air 
varies considerably and the pronounced influences of this factor upon 
transpiration, the internal water relations of plants, and indirectly upon 
growth, have already been considered. 

Sometimes gases other than those normally present in the atmosphere 
become a part of the environment of plants. Smelters, for example, release 
considerable quantities of sulfur dioxide into the atmosphere. This gas, 
in any appreciable concentration, is highly toxic to plants; hence the 
countryside in the vicinity of-smelters is often virtually denuded of vege¬ 
tation. Most species of plants are injured by an exposure of only one 
hour to an atmosphere containing as little as one part of this gas in a 
million (Zimmerman and Crocker, 1934). 

t Escaping illuminating gas often has injurious or lethal effects upon 
plants. Leaky gas mains sometimes cause the death or injury of shade 
trees along city streets. Similarly injury or death of house or greenhouse 
plants has sometimes been found to result from leakage of gas. Manufac¬ 
tured illuminating gas contains both carbon monoxide and ethylene, the 
former being present in much larger proportions than the second. Ethyl¬ 
ene, however, is the chief toxic constituent of such gas. Prolonged ex¬ 
posure to even very small concentrations of manufactured illuminating 
gas in the atmosphere results in death or profound physiological disturb¬ 
ances in most species of plants. Natural gas is much less injurious to 
plants than manufactured illuminating gas (Gustafson, 1944), and prob¬ 
ably never accumulates in houses or greenhouses in harmful concentra¬ 
tions. Natural gas is composed principally of methane and ethane, and 
contains no carbon monoxide or ethylene. 

Some species, of which the tomato is an example, are exceedingly sensi¬ 
tive to ethylene. The leaves of tomato plants soon show epinasty (Chap. 
XXXVI) at concentrations as low as 0.1 part of ethylene to a million of 
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air. A few species are even more sensitive to ethylene it rocker et al., 
1932). Since such minute concentrations of ethylene are far less than 
can be detected by odor, or even by chemical tests, the simplest method 
of detecting this gas when present only in traces is to stand several young 
potted tomato plants in the room to be tested for several days. If traces 
of ethylene are present epinasty of the leaves will soon appear (Fig- 1531. 

A comparison between the toxicity of certain gases to animals (rats, 
mice, house flies) and the toxicity of the same gases to green plants 



Fig. 153. Epinasty in tomato resulting from exposure to ^1^ Plant on 
right exposed to 0.1 part per million of ethylene for 4S hr.; plant on 1of: * P 
under same conditions in an ethylene-free atmosphere. 1 ho og * I 

et al.. (1932). 


(tomato, buckwheat, tobacco) is afforded by the work of Thornton and 

Setterstrom (1940) and Weedon cf al. <1940) The order-of 

toxicity of the several gases to animals was H( 'N. 1I_» • -• 1 -• 

The order of their decreasing toxicity to green plants was notably ditter- 


ent; Cl 2 : S0 2 : NH 3 : HCN: H 2 S. . . n . on 

Gaseous emanations from certain woods, oils, and varnis les la 
shown by Weintraub and Price (1948) to have marked inhibitory effects 

on the growth of plants. 
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Mercury vapor is present in the atmosphere of any room in which 
liquid mercury is exposed to the air and is highly toxic to many kinds of 
plants. Mercury spilled in a greenhouse, for example, has been known 
to result in complete defoliation of certain species, such as roses. 

Another aerial, although not gaseous, factor in the environment of 
many plants is salt-water spray, droplets of which may be carried a mile 
or two inland by only moderately strong winds, and under hurricane 
conditions much farther. Ocean-water spray is highly toxic to many land 
plants, young leaves and twigs being the most susceptible, but some 
species are much more liable to injury from such spray than others. The 
sheared off configuration of many species of seaside trees and shrubs 
results at least in part from salt-spray injury. The distribution of plants 
in coastal areas is also controlled in part by their tolerance to ocean- 
water spray (Wells and Shunk, 1938). 

Physiological Preconditioning.— The growth performance of a plant at 
any stage of its development is not only continuously influenced by its 
hereditary make-up and by the prevailing environmental conditions, but 
often shows a lingering effect of the environmental conditions to which 
it has been exposed during some previous stage in its life history. The 
induction within a plant of internal metabolic conditions which carry 
over into and influence its growth or reactions during a later stage in its 
life history is called physiological preconditioning. The phenomena of 
hardening, already discussed, and of photoperiodic and thermal induction 
(Chap. XXXII) arc excellent examples of physiological preconditioning. 
Another example is the phenomenon called vernalization. This term usu¬ 
ally designates a low temperature (usually just above freezing) treat¬ 
ment given slightly germinated seeds before sowing which shortens the 
ime to flowering of plants which develop from them. Less commonly the 
term is applied to the treatment of seeds at relatively high temperatures, 
or to treatment of other plant organs than seeds (McKinney, 1940). 
Vernalization of the grains of a winter wheat variety, for example, so 
speeds up the completion of its life cycle that it can be grown as a spring 
wheat. The fundamental physiological effect of vernalization appears to 
be an earlier induction of flowering. The physiological mechanism in¬ 
volved is probably akin to those of thermal and photoperiodic induction. 

\^realization of seeds sometimes occurs while they are still attached to 
the parent plant, so that the environmental conditions prevailing while 
seeds are developing within the ovulary may have a delayed influence 
upon the subsequent development of plants from them. “Devemalization” 
of seeds may also occur. A temporary period of high temperatures may 
largely or entirely offset any vernalization already achieved during a 
preceding period of low temperatures. For further information on this 
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DISCUSSION QUESTIONS 

1. In critical physiological experiments it is often desirable to work with a 
number of plants of identical physiological constitution. Suggest several ways in 
which this can be accomplished. 

2. Why are hilltops usually better locations for apple orchards than nearby 

vallevs? 

% 

3. Peach trees often show winter injury on the side of the trunk with a 
southern exposure. The north side of the trunk seldom shows such injur)’. Ex¬ 
plain. 

4. Some of the largest yields of hay per acre have been obtained in Alaska. 
Suggest possible explanations. 

5. In regrading lawns, the depth of the soil is often increased by one or more 
feet above the original level. Trees of some species are killed by such a treat¬ 
ment. Why? If a relatively small area around the tree trunk is kept free from 
soil the tree may survive. Why? 

6. What type of low temperature injury is probably most effective in pre¬ 
venting the spread of subtropical species into temperate regions? 

7. Suggest reasons why northern species of plants often fail to survive when 
transplanted to more southern latitudes. 

8. List the important physiological processes occurring in a leaf-bearing meri- 
stematic shoot of an herbaceous plant that will usually show a change in rate 
when a cloud obscures the sun after a period of direct exposure to sunlight undei 
“standard day” conditions. Explain, for each process, whether you would expect 
an increase or a decrease in rate and why. 

9. Why are greenhouses often operated at lower night temperatures than day 
temperatures? 

10. In general, would you expect soil nitrogen conditions which are favorable 
to the development of good crops of lettuce or celery to be equally favorable to 
the development of good crops of Irish potatoes? Explain. 

11. What are some of the ways in which the proportion of carbohydrate to 
nitrogenous foods in plants can be increased? Decreased? 

12. Why do not apple or peach trees grow well in Florida? 

13. To insure maximum hardiness of young plants, to what combination of 
light, temperature, and water supply conditions would you expose them for a 
period before exposure to freezing temperatures? 
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As applied to the seed plants, to which this discussion is restricted, 
‘reproductive growth” refers, in general, to the formation of flowert, 
fruits, and seeds. This term therefore embraces a complex of closely inter¬ 
related processes and phenomena, some of which occur sequentially, while 

others overlap in time. . _ 

The principal events which usually occur during the reproductive 

growth of a seed plant are: initiation of flower prnnordia, maturation of 
floral parts, development of the pollen grains within the anthers develop¬ 
ment of an embryo sac with an egg and a fusion nucleus in each ovule in 
the ovulary, pollination, formation of two sperms from the e cncratl ' a 
nucleus in the pollen grain or tube, growth of the pollen tube » 
stigma into the ovule, fertilization (fusion of one sperm with the egg 
and triple fusion (fusion of the other sperm with the fusion nucleus) 
development of the embryo from the fertilized egg, development of the 
endosperm from the endosperm nucleus, development of the seed from 
the ovu™ and development of the fruit from the ovulary or from the 

^AlthLTb* aH of the processes and phenomena listed above are phases 
of reproductive growth, two main stages, the flowering stage and th 
fruiting stage can be clearly distinguished. The latter can be considered 

usually to begin with pollination. Not only are these two stages morpho- 
" . 1 ^ but t hev are physiologically even more distinct. Flowcr- 

ine^despite its morphological and physiological complexity, is a relatively 
^ , ^xu Vegetative growth and fruit growth, on the 

other ham! ^anm^uaUy'processe^of Considerable duration and physiologi¬ 
cal resemble each other more closely than either resembles flowering. 
These former two kinds of growth are usually conditioned much more y 
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the general nutritive conditions of the plant than is flowering which 
appears to be predominantly under hormonal control (see later). 

Initiation and Development of Flowers. —Some vegetative apical stem 
meristems continue to grow as such indefinitely but sooner or later, in 
the life history of most plants, some of them become transformed into 
reproductive meristems. The vegetative state may be regarded as a basic 
one, less differentiated physiologically and morphologically than the 
reproductive state. A shift from the vegetative into the reproductive state 
may occur, however, whenever environmental conditions become such 
that the requisite internal conditions leading to flower induction are 
established within the meristem. The phrase “sooner or later” as used 
above may cover a range in time from a few days to many years. The 
length of time which a given apical meristem remains in the vegetative 
state before undergoing transformation into a reproductive meristem 
differs greatly from one kind of plant to another and from one meristem 
to another on a given plant, being conditioned in part by genetic and 
in part by environmental 1 actors. Under certain environmental condi¬ 
tions, not exactly the same for any two kinds of plants, a plant may 

in the vegetative condition (Chap. XXXII). 

Some meristems start differentiating as reproductive meristems almost 
from the moment of their inception. This is true, for example, of the 
apical meristems of the lateral flower buds of many woody plants such 
as peach, redbud, elm, and some species of maples. Among temperate zone 
woody plants such floral meristems usually differentiate during one grow¬ 
ing season but the flowers do not open until the next. 

Examples of delayed transformation of a vegetative into a reproductive 
meristem can be seen in any herbaceous plant which bears a terminal 
inflorescence at the end of a leafy shoot which has first elongated for some 
weeks or months before the initiation of flower primordia begins. Exam¬ 
ples include tobacco, mints, asters, goldcnrods, phloxes, and grains. Similar 
growth behavior is exhibited by many woody plants such as dogwood, 
magnolias, rhododendrons, spiraeas, sumacs, and aralias. In many such 
woody species conversion of apical vegetative meristems to reproductive 
meristems occurs toward the end of a period of shoot growth, resulting 

m the formation of terminal flower buds, which do not open until the next 
growing season. 

The first steps in the transformation of a vegetative to a reproductive 
meristem arc invisible physiological changes resulting in metabolic condi¬ 
tions within the meristematic cells which completely alter the differentia¬ 
tion pattern of the meristem. 

In some species of plants the transformed meristem becomes in effect 
an inflorescence primordium from which an inflorescence bearing a num- 
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ber of flowers develops; whereas in the other species only a single flower 
becomes differentiated from the transformed menstem. Fig. 154 shows the 
morphological stages in the transformation of a vegetative into a repro¬ 
ductive mcristem, as it occurs in one species. The first microscopically 
visible change in the transformation of a vegetative into a reproductive 
meristem is one in its configuration. Growth of the central portion seem¬ 
ingly is inhibited, and the meristem becomes flattened on top > nst ^ °f 
more or less conical. Small protuberances develop from this modified 




_ sepa / 

_ petal 
stamen 
carpel 
placenta 



Flo. 154. Stages in the """ 

pepper, as seen in longitudinal section. ( ) 8 In j t iation of first floral parts 

(B) Apical meristem has become flattened. ( ) ^ )s (/?) still later 

(sepals) has begun. ( D) Later stage , '(/T) Well differentiated flower 

sr.*sr. " “• ... . - 

meriatem in a regular spiral nrJinot' PreseT part. develop in a 
protuberances are the prnnor . develop from similar pro¬ 

manner analogous to that by w i markc d difference in the develop- 
tuberances on a vegetative mens • elongation of the 

ment of the two meristems, however, » that ‘her > ^ ^ 

axis between successive floral prnnor ia b development differ 

successive leaf primordia. Although detai.^of ^I merltal 'pattern fol- 
considerably from one species 

lowed is similar in all species. tightly enclosed within the 

At first the floral parts of most flo\seis Subsequently expansion of 
overlapping sepals, constituting a flower bud. Subsequ . 
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the flower bud into the opened flower occurs, a stage in flower develop¬ 
ment called anthesis. While sepals, or both sepals and petals, are present 
in the majority of flowers, the only essential parts are the stamens and 
the pistils. The majority of plants arc bisporangiate species and have 
both of these structures present in each flower. In some plants (monoe¬ 
cious species), however, some flowers arc staminate and others pistillate, 
but both kinds arc borne on the same plant. In others (dioecious species) 
some plants bear only staminate, other plants only pistillate flowers. 

The most pronounced physiological and developmental changes in the 
plant’s existence occur in the brief period of floral differentiation. The 
whole pattern of structural differentiation changes profoundly during 
the transformation of a vegetative to a reproductive meristem, reflecting 
equally deep-seated changes in metabolism. The rapid change from the 
male physiological state (stamens, etc.) to the female physiological state 
(carpels, etc.) over a very short distance is another striking feature of 
the differentiation of most flowers. Physiologically these two states may 
differ from each other as much as either of them differs from the vege¬ 
tative state. 

\ oung developing flowers arc centers of a myriad of metabolic changes. 
The metabolic complexity within the cells of developing flower parts is 
probably greater than within any other plant tissue. Very little is actu¬ 
ally known, however, of the specific metabolic conditions which are asso¬ 
ciated with the reproductive state in general as contrasted with the vege¬ 
tative state, or of the physiological differences between the male and 
female states. That hormones play a role in the initiation of flowers does, 
however, seem clearly indicated (Chap. XXXII). Respiratory activity,’ 
an indirect index of metabolic activity, is always high in young floral 
meristems, but this is also true of other meristems. Assimilatory rates are 
also high, and there is a continuous translocation toward a developing 

flower of foods, water, compounds containing mineral elements, and hor¬ 
mones. 

Pollen and Pollination.—Pollen grains differ greatly in size, ranging from 
about 5-200 n in diameter, and also in configuration (Fig. 155) from one 
plant to another, but their physiological role is similar in all species. The 
quantity of pollen produced also differs greatly from one kind of plant to 
another. Some plants produce pollen only sparingly; others, with great 
prodigality. A single com plant, for example, is estimated to release 
50,000,000 pollen grains. Only about 1000 pollen grains are required if 
fertilization of all of the egg cells in all of the ovules of one com plant 
is to be accomplished. 

Ontogenetically the pollen grain and the pollen tube that develops 
from it represent the male gametophyte. When first formed a pollen grain 
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contains two nuclei, the tube nucleus, and the generative nucleus. The 
latter subsequently divides, cither in the pollen gram or in the pollen 
tube resulting in the formation of two sperms which are male gametes. 

Pollination, or transfer of pollen from the anther to the stigma of the 
same or another flower, is effected principally by wind and insects. Some 
species arc entirely wind-pollinated, some arc entirely insect-pollinated, 
while in some both modes of pollen transfer may occur. Other less com¬ 
mon agents of pollen dispersal are gravity, water, and certain animals, 

including man. 



?ig 155 Pollen grains Top row, left to right: sunflower {Helianlhus annum) 
tsh (FrLnn. olwcnnn), ragweed lAmbrosia trifuta). Bottom row, left U . rig I b 
lrivet ILigustmm ibota), white oak (Qucrcus alba ,) dandelion C Taraxacum 

officinale). From Wodchouse (l.Uo). 


Self-pollination is the transfer of pollen to the stigma of the same 
flower or of another flower on the same plant. Cross-poll,nation is 
transfer of pollen from the anthers on one plant to the stigmas of am, her 
plant of the same kind. When the two plants involved in cross-po limitio 
carry identical chromosome complements, however, the gent u t 
^cross-pollination” is the same as self-pollination. Self-poll.,.a ion ,s 
the usual o currenee in a number of species, such as wheat, oats barley 
and tobacco in which the pollen is shed before the flowers open. In some 
species both self- and cross-pollination may occur. Cross-po ma ion s 
obligatory in ..y-rferite plants i f^aMe^l.zat^ to oeeur^ ^ 

stSru3er P conditton 8 n of'abundant pollination from 000 to 900 pollen 
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grains may be present, for example, on a single stigma of jimsonweed 
(Buchholz, 1931). Even “foreign” pollen grains sometimes germinate on 
a stigma, but growth of the pollen tube usually fails to occur or takes 
place very slowly. If a pollen grain from one plant falls on a stigma of 
the same plant, germination usually occurs, although not always. Pollen 
from a given plant often fails to germinate on the same individual plant; 
or, if germination occurs, the pollen tube grows sluggishly. This is one 
cause of self-stcrilitv in plants. On the other hand, pollen from a given 
plant usually germinates on the stigma of another plant of the same 
species, provided the stigma has reached an appropriate stage of develop¬ 
ment and environmental conditions are favorable. 

Germination of a pollen grain, under favorable environmental condi¬ 
tions, commonly occurs within a few minutes of its making contact with 
the stigmatic surface. Usually only one pollen tube elongates from a pollen 
grain, but in some species more than one develops. When a plural number 
of tubes forms, however, ordinarily all except one soon cease growing. 
Even branching of pollen tubes may occur in some species. 

The pollen tube serves as the mode of transport of the sperms from 
the stigma into the embryo sac. The distance which the pollen tube must 
grow if this transfer is to be accomplished is very short in some species, 
but may be as much as 30 cm. in other kinds of plants, such as maize, 
with long styles. 

The time interval between germination of a pollen grain and fertiliza¬ 
tion differs greatly from one kind of plant to another, but for many lies 
within the range of 12 to 48 hr. In a few plants, however, such as barley, 
this time interval is less than an hour and in some, such as certain oaks 
and pines, it may be months, even exceeding a year in a few species. The 

absolute rate of elongation of pollen tubes ranges up to about 34 mm. 
per hr. 

The rate of growth of the pollen tube is markedly influenced by envi¬ 
ronmental conditions, especially temperature. In tomato, for example, 
their maximum rate of growth occurs at about 20°C., being less at higher 
and lower temperatures (Smith and Cochran, 1935). 

Apart from environmental conditions, the rate of pollen-tube growth 
is markedly influenced by the degree of physiological “compatibility” 
between the pollen tube and the tissues of the pistil. Incompatibility 
usually exists between the pollen of one species and the stigma of another. 
Incompatibility between pollen and pistillarv tissues is also common in 
many species when self-pollination occurs. Although germination of the 
pollen grains may occur, the pollen tubes grow very slowly, and fertiliza¬ 
tion seldom results. W hen cross-pollination occurs in the same species, 
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however, rapid growth of the pollen tubes is the usual occurrence. The 
exact physiological basis of such incompatibilities is unknown. 

Even when a high degree of physiological compatibility exists between 
the pollen tube and pistillar tissues, some pollen tubes elongate through 
the tissues of the style and ovulary much more rapidly than others. The 
tube which enters a given embryo sac first is usually the one from which 
the sperms come which accomplish fertilization and triple fusion If an 
ovulary contains but one ovule, only one pollen tube is required if fertili¬ 
zation of the egg in the enclosed embryo sac is to be accomplished; if it 
contains more than one ovule one pollen tube is required for each, if all 

egg cells in all the embryo sacs are to be fertilized. 

The growing pollen tube is largely parasitic upon the tissues of the 
pistil from which it undoubtedly obtains water, mineral salts, foods, and 
probably also hormones. The growing tube probably releases enzymes 
which aid in the digestion of foods. There is also much indirect evidence 
(see later) that it releases enzymes or hormones which have marke 
effects upon the development of the pistil and organs enclosed within it. 

Pollen grains germinate under artificial conditions if strewn on the 
surface of a sucrose-water, or sucrose-agar (about 1.5 per cent)—water 
medium (Brink, 1924; Blair and Loomis, 1941; Bartons, 1942; and others . 
The most favorable concentration of sucrose for germination differs con¬ 
siderably according to the kind of pollen, but is usually in the range o 
5-25 per cent. Germination of at least some kinds of pollen on such media 
occurs within a few minutes, and elongation of the pollen tube may >e 

verv rapid. i 

Various extracts and compounds have been shown to influence the 
germinative capacity of pollen grains and rate of growth of poHen tube* 
in artificial media (Brink, 1924; Smith, 1942; Ad.hcott, 1943). Of pos¬ 
sibly especial significance is the fact that horon has a markedly enhanc¬ 
ing effect upon the percentage germination of some kinds of pollen 

(Schmucker, 1934; and others). 

The length of time for which pollen grains of different species remai 
viable under ordinary air dry conditions ranges from a few hours to sev¬ 
eral months (Holman anil Brubaker, 1926). The pollen o grasses, nclud- 
ing corn rye, barley, and wheat is notoriously short-lived, often retaining 
its*germinative capacity for only a few hours and seldom for more than 
a few days even under the most favorable conditions. 

The life duration of many kinds of pollen can be extended, ... some 

species up to at least a year, by storage at low 

with relatively low temperatures. Prolongation of the 1 

often an important consideration in certain plant breed.ng problems- 
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for example, when it is desired to cross two varieties which bloom at 
different seasons. 

Wholly apart from its role in reproduction, pollen is of considerable 
medical interest because it is the causal agent in the well-known ailment 
of hayfever. This disease is induced in many persons when the free- 
floating pollen of the atmosphere comes in contact with the mucous mem¬ 
branes of the eyes, nose, throat, bronchial tubes, and lungs. The number 
of kinds of pollen which cause hayfever is relatively small. Only pollens 
which are liberated in abundance and which are wind-borne are causal 
agents in this malady, and of them only those pollens which possess 
allergenic toxicity to at least some humans actually do cause hayfever 
Pines and other conifers, for example, are extravagant producers of 
pollen, but with the exception of the junipers, none of the North American 
species is known to be a hayfever plant. Some plants such as roses and 
goldenrods, which are popularly supposed to be major culprits, actually 
play only minor or negligible roles as causal agents in hayfever. • 

In much of temperate North America three main hayfever seasons can 
be distinguished (Wodehouse, 1945). An early spring season, usually the 
least severe and of shortest duration, results from the presence of certain 
tree pollens in the atmosphere, especially those from elms, maples, wil¬ 
lows, poplars, birches, and oaks. Early summer hayfever is caused princi¬ 
pally by the pollens of a number of species of grasses, especially June 
grass, orchard grass, timothy, and redtop. The incidence of early summer 
hayfever is much greater than that of spring hayfever, and the season is 
considerably longer. Late summer hayfever, which accounts for more 
victims of this affliction than the other two seasons combined, is caused 
principally by the pollen of the ragweeds, sagebrushes, cockleburs, false 
ragweeds, and salt bushes. 

A sufferer from hayfever may be allergic to the pollen of only a few, 
or even of only one, species of plants. Only a competent allergist can 
determine, by means of suitable .skin tests, the kinds of pollen which 
actually cause hayfever in a given person. Complete relief from the 
malady can usually be obtained only if the victim moves, during the 
pollination season of the causative plants, into a region in which they do 
not grow. At least partial relief can usually be obtained from injections 
of extracts prepared from the causative pollen. 

Initiation of Embryo and Endosperm Growth. —Fertilization and Triple 
Fusion .—The essential feature of sexual reproduction is the union of an 
egg and a sperm, the process called fertilization. In the angiosperms the 
egg cell is an integral part of the embryo sac, which is enclosed within an 
ovule. In the majority of angiosperm species, the fully developed embryo 
sac is a seven-celled, eight-nucleate structure (Fig. 156). In some species, 
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however, the embryo sac is four-nucleate; in others sixteen-nucleate. 
Ontogenetically the embryo sac represents the female gametophyte in 


the angiosperms. 

Access of the pollen tube into the ovule is 
always, achieved through the micropyle. The 
nucellus and passes into the embryo sac be¬ 
tween the egg and an adjacent cell. Fertiliza¬ 
tion usually occurs shortly after the tube 

enters the embryo sac. 

In addition to the egg cell, especial signifi¬ 
cance attaches to the polar nuclei in the large 
central cell (Fig. 156) of the embryo sac. 
These two nuclei join, forming a fusion nu¬ 
cleus, with which the second sperm from the 
pollen tube unites, resulting in a triploid endo¬ 
sperm nucleus. In a few species only one polar 
nucleus is present which unites with the male 
gamete in forming the endosperm nucleus, and 
in some species more than two polar nuclei 
are formed during embryo sac development, 
all of which fuse with a sperm in the forma¬ 
tion of the endosperm nucleus. Ordinarily 
only one pollen tube penetrates an embryo sac, 
one sperm uniting with the egg, the other with 
the fusion nucleus. Occasionally more than 
one pollen tube may enter, and the sperm 
which unites with the egg may come from a 
different pollen tube than the sperm which 

unites with the fusion nucleus. 

Apomixis .—The reproductive apparatus 
does not operate identically in all plants, and 
many deviations from the most common 
mechanism as described above are known. 
Modes of asexual reproduction (i.e., repro¬ 
duction without fertilization) which outwardly 
appear to be sexual reproduction are of regu¬ 
lar occurrence in some species and occasional 
in others (Stebbins, 1941). The generic term 
for this kind of reproduction is apomixis, of 
which three main types are recognized. 

In one kind of apomixis the haploid egg cell 
develops into an embryo sporophyte without 


commonly, although not 
tube then penetrates the 



Fig. 156. Embryo sac 
(eight-cell stage) of Epi- 
p act is. Egg cell and two 
synergids at upper end, 
three antipodals at lower 
end. Subsequent union of 
the two nuclei nearest cen¬ 
ter (polar nuclei) results 
in formation of the fusion 
nucleus. Redrawn from 
Brown and Sharp (1911). 
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fertilization, either autonomously ( haploid parthenogenesis ), or under 
the influence of a promotive influence from the growing pollen tube or 
the process of triple fusion ( haploid pseudogamy). Less commonly an 
embryo may develop without fertilization from another cell of the embryo 
sac ( haploid apogamety). Plants resulting from this kind of apomixis 
have the haploid number of chromosomes and are usually sterile. 

In a second type of apomixis the cells of the embryo sac, because of 
some deviation or other from the usual course in their development, all 
contain the diploid number of chromosomes. Development of the embryo 
may proceed according to methods analogous to those occurring in haploid 
apomixis, i.e., by diploid parthenogenesis, diploid pseudogamy , or diploid 
apogamety. 

In a third type of apomixis ( adventitious embryony) the embryo devel¬ 
ops directly from an ovular tissue of the parental sporophyte, usually the 
integument or the nucellus. Such embryos are diploid and genetically 
identical with the parent sporophyte. 

Poly embryony. —This term refers to the development of more than one 
embryo within a single ovule. Polyembryony is of frequent or regular 
occurrence in some species, and of sporadic occurrence in others (Webber, 
1940). The causes of polyembryony are complex, and only the main 
mechanisms can be mentioned in this discussion. In many gymnosperms 
there are regularly two or more egg cells in each female gametophyte, 
on. It ,,f which, upon fertilization, develops into an embryo. An analogous 
situation occurs in some angiosperms, in which other cells of the embryo 
sac in addition to the egg may develop into supernumerary embryos, 
either with or without previous fertilization. Cleavage of the fertilized 
egg or young embryo into two or more units, and subsequent development 
of each into a genetically identical embryo, occurs in a number of species, 
especially among the gymnosperms. Another cause of polyembryony is 
the development of two embryo sacs within the same ovule, as in alder 
(Alnus rugosa) , the egg in each of which gives rise to an embryo. Still 
another and common cause of a plurality of embryos within an ovule is 
the apomictic development of one or more embryos from ovular tissue as 
previously described. In some species one or more embryos of this origin 
may occur side by side in an ovule with an embryo derived from a fer¬ 
tilized egg; in other species only apomictic embryos are formed. 

Development of the Seed.—The processes of fertilization and triple fu¬ 
sion not only set in motion the development of the embryo and the 
endosperm, respectively, but also exert a promotive influence on the de¬ 
velopment of the ovule into the seed and frequently also on the develop¬ 
ment of the fruit (see later). 

The fertilized egg cell does not usually divide at once, but only after 
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a short delay. Once cell divisions start, however, they usually continue 
without interruption until a fully differentiated embryo has been devel¬ 
oped. The foods used by the developing embryo come from the plant on 
which the flowers were borne, usually through the endosperm as an inter¬ 
mediary. The specific nutritive requirements of plant embryos are dis- 

gscr | i a ter 

The endosperm, which in most species is a short-lived tissue, develops 
from the endosperm nucleus. The endosperm usually becomes an actively 
growing tissue shortly after the occurrence of triple fusion In most species 
considerable development of the endosperm has already taken place before 

cell division starts in the fertilized egg. .. 

The extent to which the endosperm develops as an °rB an, * e «l tissue 

differs greatly from one kind of plant to another (Brink andI Cooper 
1947). In some species, such as orchids, little or no grow . ,, 

occurs. In the majority of species the endosperm grows rapidly during the 
early stages of seed development, but is later digested and u.ed as 
source of food by the growing embiyo. The endosperm matrix appears o 

be an especially suitable medium for the growth of embryos Particular y 
in the early stages of their development. In such species the endosperm 
cells adjacent to the embryo disintegrate and disappear, and by the time 
the seed is mature, little if any of the endosperm remains. During the 
latter stages of embryo development in such species considerable quanti¬ 
ties of foods usually accumulate in the cotyledons. In a smaller num 
of species, such as the cereals, date, coconut, and castor bean, the endo¬ 
sperm persists as a storage tissue in the mature seed. In such plants the 
cotyledons are less well developed than in most other plants, and the 
foods in the endosperm are utilised by the developing seedling during 

^Inthe developing 8 ovule's of some plants the nucellus grows and becomes 
much enlarged resulting in the presence in the mature seed of a tissue 
called the perisperm. Foods accumulate in this tissue much as they do 
the endosperm Representative species in which a perisperm is present 
include spinach, black pepper, beet, water lily, and coffee. In a few species 
both the endosperm and the perisperm persist as storage tissues in 

m Ano e the C r d major transformation which occurs during the morphogenesis 
of seeds is the development of the seed coats from the ovule coats (integu- 
ments). The latter arc usually soft and fleshy, while most seed coats are 

ha Althoug d hIhe development of seeds is a usual outcome of the process of 

sri sii r :S --=US 
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species is self-pollinated, or when cross-pollination occurs between dif¬ 
ferent species or different varieties of the same species. The principal 
causes of a failure of seeds to develop are: (1) failure of pollen to ger¬ 
minate after pollination, (2) pollen tubes may grow too slowly for fertili¬ 
zation to be accomplished or the tubes may burst before reaching the 
embryo sac, (3) fertilization fails to take place, (4) fertilization occurs 
but abortion follows before more than a few divisions of the fertilized 
egg occur, (5) fertilization occurs and embryo growth proceeds but is 
arrested at a later stage in its development. Failure of the embryo to de¬ 
velop to maturity appears to result from physiological conditions inherent 
in the young embryo or in the surrounding endosperm. The first four con¬ 
ditions listed above commonly lead to the development of “empty" seeds; 
the last one usually results in the formation of shrunken and usually non- 
viable seeds. 

Development of Fruits.—The diversity in sizes, shapes, colors, textures, 
and arrangements of fruits is as great as that of the flowers which are 
their forerunners. Fundamentally, however, the morphogenic develop¬ 
ment of all fruits is similar. The simpler kinds of fruits develop solely 
from pistils. Such gradual transformations of pistils to fruits can easily 
be observed in many kinds of plants. Examples of simple fruits, which 
are in essence only modified pistils, include the bean, pea, tomato, cotton, 
grape, avocado, orange, maple, elm, basswood, peach, cherry, and olive. 
In the development of some kinds of fruits, however, other parts, most 
commonly the receptacle or floral cup, ripen along with the pistil and 
are incorporated into the final structure of the fruit. Examples of such 
fruits include apple, pear, rose, cucumber, blueberry, and sunflower. 

In general, development of a fruit and its enclosed seed or seeds occurs 
concomitantly and in a reciprocally coordinated fashion. During the trans¬ 
formation of some pistils, or pistils plus adjacent parts, into fruits a con¬ 
siderable enlargement may occur, as much as several hundred fold in 
some. The resulting mature fruit tissues may be soft and fleshy as in to¬ 
mato, or hard and dry as in nut fruits. In other plants development of 
floral organs into fruits may occur with relatively little enlargement of 
the tissues; the resulting fruits more frequently being dry and hard than 
soft and fleshy. 

The processes of pollination and fertilization exert marked influences 
on the development of most fruits. Failure of pollination to occur usually 
results in abscission of the pistil and a consequent failure of fruit to form. 
The influence of pollination upon the development of fruits is probably 
mediated at. least in part through auxins. Pollen grains and tubes are 
known to contain auxins in considerable quantities. It seems unlikely 
however, that the quantity of auxins furnished by the pollen tubes is suf- 
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ficient to be the sole cause of fruit development (Van Overbeek et al., 
1941). Ovularies contain very little active auxin, but considerable quan¬ 
tities of bound auxin. The results of Muir (1947) indicate that bound 
auxin in the pistils of several species is converted into active auxin under 
the influence of some substance, probably an enzyme, which comes from 
the pollen tubes thus further increasing the auxin content of the pistils. 
A primary effect of its increased auxin content is the prevention o abscis¬ 
sion of the pistil (Chap. XXXV). Soon after pollination, but before fer¬ 
tilization, the ovules and ovularies start to grow. Enlargement of these 
organs, at least during the early stages of fruit development, is presum¬ 
ably induced by auxin set free as described above. 

However, most fruits do not develop normally unless pollination is fol¬ 
lowed by fertilization and resulting development of the embryo or em¬ 
bryos. The young seeds within developing fruits contain relatively hig 1 
concentrations of auxins (Gustafson, 1939a, and others). Furthermore, if 
the central part of a fruit including the ovules is removed, the fruit 
ceases to grow, but if the eviscerated cavity is packed with lanolin con¬ 
taining auxin its growth continues (Dollfus, 1936). Auxin derived from 
developing seeds therefore appears to be necessary for the continued 

growth of most fruits. . 

Fruits usually contain seeds but this is not invariably true. Seedless 

fruits are of regular occurrence in some kinds of plants such as certain 
varieties of banana, orange, grape, cucumber, and sunflower. Such fruits 
are also of sporadic occurrence in many other kinds of plants (Gustafson, 
1942). This condition of sccdlessness is termed parthenocarp »/. The desig¬ 
nation “seedless” as applied in this connection refers to a lack of viable 
seeds; many parthenocarpic fruits contain partially developed seeds which 

arc empty, i.e., lacking an embryo. . 

The sequence of events leading to the development of parthenocarpi 

fruits is different in different kinds of plants. In some species deve opment 
of fruits proceeds in the absence of pollination, and hence of fertilization, 
, although the more usual consequence of a failure of pollination is for the 
pistil to abscise. In other plants the physiological effect of pollination not 
followed by fertilization is adequate to induce fruit development Failure 
of fertilization to follow pollination is most commonly caused by such 
a slow rate of growth of the pollen tubes- that they either never reach 
the egg, or reach it after it is no longer viable. Even alien pollen has been 
found to induce parthenocarpic fruit development in some species and 
other kinds of “stimulation” such as infestation with aphids sometimes 
leads to fruit development in the absence of pollination. Unless apomixis 
occurs, all fruits developing in the absence of fertilization will be devoid 

of viable seeds. 
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Even when pollination is followed by fertilization, development of the 
embryo from the fertilized egg may be arrested at an early stage as pre¬ 
viously mentioned and seedless fruits or fruits with imperfect seeds result 
unless apomixis occurs. 

The auxins required in the development of parthenocarpic fruits obvi¬ 
ously cannot come from the seeds although some auxins may become 
available in the ovulary as a direct or indirect effect of pollination as pre¬ 
viously described. Varieties on which parthenocarpic fruits commonly 
form have a higher auxin content in the ovularies than other varieties of 
the same species which produce fruits only following pollination and fer¬ 
tilization (Gustafson, 1939b). 

When both parthenocarpic and seeded fruits occur on the same plant 
the former often fail to develop if the supply of foods within the plant 
is limited. Apparently the presence of developing seeds in a fruit aids in 
some way in promoting the translocation of foods into the fruit. Hence 
parthenocarpic fruits are more likely to develop to maturity if none of 
the fruits on the same plant are seeded. When both seedless and seeded 
fruits are borne on the same plant, the former are more likely to develop 
if the general nutritional status of the plant is high. 

Not only does pollination usually have a determinative effect on 
whether or not fruits will develop, but the genetic constitution of the 
pollen may have differential effects upon the growth of fruits. When, for 
example, date palms of the Deglet Noor variety are crossed with the 
Mosque variety as the pollen parent, the weights of the resulting seeds 
and fruits are considerably greater than when the Deglet Noor variety is 
crossed with the Ford No. 4 variety as the pollen parent (Nixon, 1928). 
Such an effect of the source of the pollen upon the development of the 
fruit is called metaxenia. Examples of this phenomenon are known in 
apple, cotton, oak, and other species. The phenomenon of metaxenia is 
almost certainly to be interpreted in terms of a hormonal mechanism. 

Gustafson (1936) showed that application of certain hormones in lano¬ 
lin to the styles of young flowers of several species from which the sta¬ 
mens had been removed induced the development of parthenocarpic fruits. 
A number of other plants are now known in which formation of partheno¬ 
carpic fruits can be induced by treatment with suitable chemicals in the 
absence of pollination. Among them are pepper, watermelon, jimsonweed, 
holly, tomato, egg plant, petunia, tobacco, strawberry, and pumpkin. 
The principal compounds known to be effective in the induction of parthe¬ 
nocarpic fruit formation are indoleacetic, indoleproprionic, indolebutyric, 
phenylacetic, a-naphthaleneacetic, a-naphthoxyacetic, and phenoxyacetic 
acids. Most of the compounds having this effect, upon plants fall into the 
category of auxins. The effective concentrations of those compounds which 
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induce partlienocarpic fruiting vary considerably depending upon the kind 
of plant treated and the specific compound used, but commonly he, fo. 

aqueous solutions, in the range of 50 to 3000 p.p.m. 

Certain practical applications of the effect of specific compounds in 
inducing the formation of partlienocarpic fruits have been made. The 
usually inadequate natural pollination of tomato pants in giu.ii i u 
during the winter, for example, has been supplemented by hormone t em¬ 
inent resulting in a better set of fruits, which are largely or entirely 
seedless. Treatment of the flowers on earpellate holly trees - 

development of berries in the absence of any nearby slammate trees 
(Gardner and Marth, 1937). For large-scale treatment of planis ^ 

mones can be applied as sprays, emulsions, or dusts, or tan , , . 
into the air surrounding the plants, as in a greenhouse (Aven 

S0 A developing fruit is a complex system of meristematic tissue, Simub 
taneously, each fertilized egg cell is developing into an omtay 
endosperm nucleus into an endosperm, each nucellus (in “ m ® P ' ’ 

into a perisperm, and the ovulary or ovulary and adjacent parts into a 
pericarp. Physiologically the growth of fruits, particularly those of the 
fleshy type, is closely akin to vegetative growth. Formation of the com¬ 
ponent parts of a fruit involves the same three morphological phase of 
growth as the development of vegetative organs i.e„ cell dn >snon 
enlargement, and cell differentiation. Growth of the embryo howe'er 
largely limited to the cell division phase of growth. M ater, car >o ly ra 
nitrogenous compounds, mineral salts, and probably certain B r »"th sub¬ 
stances must all be transported into the fruit from other partsofU 
nlant If the supply of any one of these substances to a growing fruit 
becomes deficient' the rat" of growth is retarded. The proportions ^ 
these various kinds of substances which are required vary with the ku 
of mit being different, for example, in a fleshy, succulent fruit from 

the complex system of tissues calk 1 • guch efTccts , such as the 

influences on the growth of one another. . ‘ f , hryo an A 

necessity of an endosperm for the early « - P >"«* ^ £ h;lvc 

the necessity of developing seeds for fruit gr pendent 

been referred to previously. The development of th1™*Om 
to a cotton seed afford another example of such gr 
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Even when pollination is followed by fertilization, development of the 
embryo from the fertilized egg may be arrested at an early stage as pre¬ 
viously mentioned and seedless fruits or fruits with imperfect seeds result 
unless apomixis occurs. 

The auxins required in the development of parthenocarpic fruits obvi¬ 
ously cannot come from the seeds although some auxins may become 
available in the ovulary as a direct or indirect effect of pollination as pre¬ 
viously described. Varieties on which parthenocarpic fruits commonly 
form have a higher auxin content in the ovularies than other varieties of 
the same species which produce fruits only following pollination and fer¬ 
tilization (Gustafson, 1939b). 
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the former often fail to develop if the supply of foods within the plant 
is limited. Apparently the presence of developing seeds in a fruit aids in 
some way in promoting the translocation of foods into the fruit. Hence 
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if the general nutritional status of the plant is high. 
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whether or not fruits will develop, but the genetic constitution of the 
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example, date palms of the Deglet Noor variety are crossed with the 
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and fruits arc considerably greater than when the Deglet Noor variety is 
crossed with the Ford No. 4 variety as the pollen parent (Nixon, 1928). 
Such an effect of the source of the pollen \ipon the development of the 
fruit is called metaxenia. Examples of this phenomenon are known in 
apple, cotton, oak, and other species. The phenomenon of metaxenia is 
almost certainly to be interpreted in terms of a hormonal mechanism. 

Gustafson (1936) shownd that application of certain hormones in lano- 
lin to the styles of young flownrs of several species from which the sta¬ 
mens had hcen removed induced the development of parthenocarpic fruits. 
A number of other plants are now known in w-hich formation of partheno¬ 
carpic fruits can be induced by treatment with suitable chemicals in the 
absence of pollination. Among them are pepper, watermelon, jimsonweed, 
holly, tomato, egg plant, petunia, tobacco, strawberry, and pumpkin. 
The principal compounds known to be effective in the induction of parthe¬ 
nocarpic fruit formation are indoleacetic, indoleproprionic, indolebutyric, 
phenylacetic, a-naphthaleneacetic, a-naphthoxyacetic, and phenoxyacetic 
acids. Most of the compounds having this effect upon plants fall into the 
category of auxins. The effective concentrations of those compounds which 
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induce parthenocarpic fruiting vary considerably depending upon the kind 
of plant treated and the specific compound used, but commonly he, oi 

aqueous solutions, in the range of 50 to 3000 p.p.m. 

Certain practical applications of the effect of spec,He compounds n 
inducing the formation of parthenocarpic fruits have been made. The 
usually inadequate natural pollination of tomato plants in greenhouses 
during the winter, for example, has been supplemented by hormone treat¬ 
ment, resulting in a better set of fruits, which are argr > 0 - 

seedless. Treatment of the flowers on earpellate holly trees mduccs the 
development of berries in the absence of any nearby stamina e trees 
(Gardner and Marth, 1937). For large-scale treatment of plants hor- 

mones can be applied as sprays, emulsions, or u» or can , j j 
into the air surrounding the plants, as in a greenhouse (Avery and John 

"a developing fruit is a complex system of meristematic t.ssue. Simul- 
taneously, each fertilized egg cell is developing into an emhryo^each 

endosperm nucleus into an endosperm, each nuce us m . 
into a perisperm, and the ovulary or ovulary and adjacent arts into 
pericarp. Physiologically the growth of fruits, particularly those o th 
fleshy type, is closely akin to vegetative growth. Formation of the com 
ponent parts of a fruit involves the same three morphological phases i of 
growth as the development of vegetative organs, i.e., cell division, . 
enlargement, and cell differentiation. Growth of the embryo, however, 5 
largely limited to the cell division phase of growth. It atcr, car >o ly ra e.^ 
nitrogenous compounds, mineral salts, and probably certain grow i sin- 
stances must all be transported into the fruit from other parU of U 
plant. If the supply of any one of these substnnecstoagro gfru, 
becomes deficient the rate of growth is retarded The P' 0 ,rt >n ^ ° 
these various kinds of substances which arc required vary with the kind 
of ruit being different, for example, in a fleshy succulent fruit t o n 
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various substances moving toward each of the f its on a 

S^eXtr. 8 “Ldr^iw^ “ k “ 
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the complex system of tissues calk 1 ■ guch effccts> 8 uch as the 
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These hairs go through two distinctly separate stages of development: 
(1) a period during which the hairs grow in length without appreciable 
wall thickening, and (2) a period during which wall thickening occurs 
without increase in length of the hairs. The first period coincides with the 
growth of the endosperm in the seed. As soon as endosperm growth ceases, 
elongation of the lint hairs also stops. Secondary thickening of the walls 
of the hairs coincides with the active growth of the young embryo. 

An emanation of ethylene gas has been found to occur during ripening 
from a number of kinds of fruits, including apple (Gane, 1934), pear 
(Hansen, 1942), banana (Niederl et al., 1938), and avocado (Pratt et al, 
1948). Ethylene synthesis is not confined to fruits but also occurs in at 
least some other organs of plants (Denny and Miller, 1935). Ethylene 
is known to have a number of marked physiological effects on plants 
(Crocker et al, 1935), even in very low concentrations. One of these is 

its effect in inducing epinasty of 
leaves (Chap. XXX). Also well- 
known is the effect of ethylene in 
hastening the coloring and ripen¬ 
ing of some kinds of fruits, a 
process which involves chloro¬ 
phyll decomposition. Treatment of 
green-picked citrus fruits and ba¬ 
nanas with ethylene gas has been 
a widely-used commercial prac¬ 
tice. Naturally-synthesized ethyl¬ 
ene appears to promote the ripen¬ 
ing process in a number of kinds 
of fruits. 

The course of respiration in 
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Fig. 3 57. Respiration rates of avocado 
fruits at 15°C. for a period of 2 weeks 
after picking, illustrating occurrence of 
climacteric. Data of Biale (1946). 


many kinds of developing fruits follows a characteristic cycle. The rate 
per unit fresh weight of very young fruits is relatively high and gradually 
declines to a minimum at about the time the fruits reach maturity. In 
apples and at least some other kinds of fruits there is a secondary rise 
in rate of respiration often beginning about the time the fruits are usually 
picked, followed by a secondary decline. The peak of this secondary rise 
is called the “climacteric” (Kidd and West, 1945) and occurs, in apples 
at least, whether the fruits are picked or whether they remain on the tree. 
The climacteric cycle in picked, mature avocado fruits is illustrated in 
Fig. 157. 

Embryo Culture. —White, 1932; Tukey, 1934; La Rue, 1936, and others 
have shown that partially developed plant embryos can be cultured on 
sterile media according to techniques very similar to those employed in 
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(Van Overbeek et al, 19421. Fur¬ 
ther investigation indicated the 
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be auxin, which affect the growth 
of embryos. The one promoting 
growth of the embryo has been 
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the embryo to synthesize this fac¬ 
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early stages of development is it 
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Embryo factor activity has also 
been shown to be present in ex¬ 
tracts from malt (Blakcslcc and 


size) of Datura (jmisonweed I, lor 



Fio. 158. Effort of coconut milk on 
development of Datura embryos isolated 
10 days after pollination. Top row, em¬ 
bryos after 8 days on medium contain¬ 
ing sugar, mineral salts, and vitamins. 
Note that almost no growth has oc¬ 
curred. Bottom three rows, embryos 
after 8 days on same kind of medium 
plus coconut milk. From Van Overbeek 

et a!. (1942). 
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than 0.3 mm. in 
sterile culture, even 
1945). Mixtures of 
the growth of young 


atina, 1944), Datura ovules, yeast, wheat germ and 
verbeck et al, 1944). Small maize embryos (less 
ngth), however, have been found not to develop in 
hen coconut milk was added (Haagcn-Smit et al, 
irtain amino acids have also been found to enhance 
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Datura embryos (Sanders and Burkholder, 1948), and at least a part of 
the promotive effect of plant extracts on embryo growth probably can be 
ascribed to amino acids. 

A practical application of embryo culture is that it provides a method 
of preserving genetically desirable embryos when the seeds formed are, 
for one reason or another, nongerminable. Hybrid embryos in some spe¬ 
cies, for example, become arrested in development before they are mature 
and the seeds fail to germinate. It is often possible to dissect out the 
embryos from such seeds, grow them for a while in culture, and eventually 
transplant them into soil. Embryos can also be excised from some kinds 
of dormant seeds and successfully grown in culture. Iris seed, for ex¬ 
ample, shows a pronounced dormancy (Chap. XXXIV), but seedlings 
can be obtained in a short time if the embryos are removed from the 
seed and cultured artificially (Randolph and Cox, 1943). 

Development of Fruits in Sterile Culture. —La Rue (1942) and Nitsch 
(1951) have shown that fruits will develop from detached flowers cul¬ 
tured sterilely in vitro under suitable conditions. The latter investigator 
found, for example, that if tomato flowers in which pollination had re¬ 
cently occurred were cultured in this manner, fruits developed from the 
ovularies when the flowers were implanted on a medium containing only 
sucrose and mineral salts as solutes. Fruits developed from excised, un¬ 
pollinated flowers of tomato, on the other hand, only if the culture medium 
also contained certain hormones such as 2,4-dichlorophenoxyacetic acid. 
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ENVIRONMENTAL FACTORS INFLUENCING 
REPRODUCTIVE GROWTH 


Initiation of the internal physiological conditions which lead to the 
conversion of vegetative to reproductive meristcms is brought about, as 
are all other growth phenomena, by interactions between the genetic 
constitution of a plant and the factors which impinge upon it from its 
environment. In this chapter the effects of those environmental factors 
which exert major effects upon reproductive growth will be discussed. 

Irradiance. —That the flowering and fruiting of many kinds of plants 
are less abundant in the shade than in full light is a common observa¬ 
tion. The relation between irradiance and flowering lor any given species 
is not a simple one, because it is complicated by the influence ol the 
photoperiod (see later). The effect of an irradiance which is adequate for 
flower induction can be completely nullified, in some species, il the photo¬ 
period is too long; in other species, if it is too short. In general, however, 
assuming day length, temperature, and other conditions to be favorable 
for flowering, there is a minimum irradiance for each species below which 
no blooming occurs. The minimum varies considerably from one species 
to another, usually being lower, for example, in woodland shade species 
than in sun species. At irradianccs only slightly greater than the mini¬ 
mum, flowering usually occurs only sparsely; at still higher irradianccs 
this factor ceases to be the limiting one in the initiation of flower 
primordia. 

Light Quality. —The effects of variations in the quality of light upon 
reproductive growth are principally of theoretical interest, since naturally 
occurring variations in the wave-length composition of light are seldom, 
if ever, great enough to have any very significant effects upon the 
flowering and fruiting of plants. Although all wave lengths of the visible 
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spectrum appear to influence blooming, results of several investigators 
indicate that the orange-short red portion of the spectrum has the most 
pronounced effect upon initiation of flowers. The influence of light quality 
upon this process can be profitably considered only m relation to the 
effects of light duration and is discussed later in the chapter. 

Duration of the Light Period.— Classification of Plants According to 
Photoperiodic Reaction .-The fundamental discovery of Garner and 
Allard (1920, 1923) that the length of the daily photoperiod has a marked 
effect on the reproductive development of plants (Chap. XXX) has been 
confirmed by many subsequent workers. The experimental procedure fol¬ 
lowed by most pioneer investigators of photoperiodism was a relatively 
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Fkj. 159. Effect of the length of the photoperiod upon flowering of salvia, a 

short-day species. Photograph from Arthur et al. (1930). 

simple one. “Short-day” conditions were provided, during the summer 
months, by transferring the plants to a dark house or cabinet after ex¬ 
posure to the desired number of hours of daylight, while exposure to the 
usual summer day length provided “long-day” conditions. Long photo- 
periods were obtained during the winter months by supplementing the 
natural day length with the necessary number of hours of artificial illu¬ 
mination, relatively low intensities of supplemental light having been 
found adequate to induce photoperiodic reactions in plants. 

The following classification of plants according to the effect of the 
length of the natural photoperiod upon their reproductive development 
is essentially that of Allard and Garner (1940). 

(1) “Short-day” plants flower only within a range of relatively short 
photoperiods. Blooming may occur, although more slowly, or less pro¬ 
fusely, within a range of photoperiods somev ■ ’onger than the most 
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Fig. 161. Effect of length of the photoperiod upon flowering of buckwheat, an 
indeterminate species. Photograph from Arthur et nJ (1930) 


Fig. 160. Effect of the length of the photoperiod upon flowering of lettuce, a 

long-day species. Photograph from Arthur ct nl (IMOl. 
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favorable ones. Under still longer photoperiods or under continuous illu¬ 
mination, slmrt-day plants do not bloom and remain m the vegetative 
state indefinitely (Fig. 159). Examples of short-day plants are cosmos, 
strawberry, aster, ragweed, eoeklebur, poinsettia, chrysanthemum, sweet 
potato, violet, and most early spring or late summer blooming garden or 
wild flowers of the temperate zone. Differentiation of the flower buds of 
many early spring-blooming plants occurs during the shortening days 

of the latter part of the preceding season. 

(2) “Long-day” plants flower readily only under a range of relative > 
long photoperiods, up to and including continuous illumination. Bloom¬ 
ing is usually induced most rapidly under continuous illumination or very 
long photoperiods, but may occur, although more slowly or less profusely 
under shorter photoperiods. Under still shorter photoperiods tho plants 
remain in the vegetative state indefinitely (Fig. 160). Examples of long- 
dav plants are spinach, beet, radish, lettuce, English plantain, most 
grains, timothy, clover, hibiscus, potato, and most late spring or early 
summer blooming garden or wild flowers of the temperate zone. 

131 “Indeterminate” plants flower readily over a wide range of day 
lengths from relatively short photoperiods to continuous illumination 
(Fig. 161). Examples of indeterminate plants are zinnia, dandelion, 
duckweed, tomato, cotton, buckwheat, and most varieties of tobacco. 

(4) “Intermediate” plants bloom only under day lengths within a cer¬ 
tain range, and fail to flower under either longer or shorter photoperiods. 
Examples of intermediate plants are climbing hempweed (Mikania 
scan dens ), wild kidney bean (Phaseolus polystachyus ), boneset { Eupa - 
torium torreyanum) (Allard, 1938), Indian grass (Sorghastrum nutans) 
(Allard and Evans, 1941), some varieties of side-oats grama grass 
(Bouteloua curtipendula ) (Olmsted, 1945), and some varieties of broom 

grass (Andropogon furcatus) (Larsen, 1947). 

For many short-day plants the range of photoperiods under which 
initiation of flowers occurs is sharply delimited, and a definite critical 
photoperiod can he recognized. Such plants flower only in a range of 
photoperiods shorter than the critical. The critical photoperiod for cockle- 
hur, for example, is about 15.5 hr. ; and for Biloxi soybean, about 13.5 hr. 
A critical photoperiod can likewise be distinguished for many long-day 
plants, such plants flowering only in a range of photoperiods longer than 
the critical. At an irradiancc of 1000-1400 foot-candles the critical photo- 
period for dill, for example, is between 11 and 14 hr.; and for annual beet, 
between about 13 and 14 hr. (Naylor, 1941). Indeterminate plants, like 
long-day plants, flower only in a range of day lengths longer than a 
critical, but their critical photoperiods are, in general, shorter than those 
for long-day plants. Intermediate species have two critical photoperiods, 
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'blooming neither under day lengths which arc longer than the upper, nor 
at day lengths which are shorter than the lower critical photoperiod. 

From the above discussion it should be clear that there are certain 
day lengths which may induce flowering both in many short-day and 
in many long-day species. At a day length of 13 hr., for example, both 
short-day plants with a critical photoperiod greater than this, and lone- 
day plants with a critical photoperiod less than this, will bloom. 

Different varieties of the same species may differ in photopcriodic re¬ 
actions. Of thirteen varieties of soybeans investigated by Borthwick and 
Parker (1939), eight behaved essentially as indeterminate plants, and 
five essentially as short-day plants. Because of such varietal differences 
in photopcriodic reaction, the examples of short-day, long-dav, inde¬ 
terminate, and intermediate plants as given above may not hold strictly 

for every single variety of every species mentioned. 

The fact that reproductive growth is a complex of integrated processes 
was emphasized in the preceding chapter. Different stages in reproduc¬ 
tive growth may be affected differently by the length of the photoperiod. 
For example, in the Biloxi soybean initiation of flower pnmordia occurs 
over a range of photoperiods from about 2 to about 13.5 hr. Subsequent 
development of the flower buds into macroscopic flowers, once pnmordia 
are present, occurs most rapidly under 8- to 13-hr. photoperiods, more 
slowly under 14- and 15-hr. photoperiods, and not at all under 16-hr. 
photoperiods. No development of fniits takes place when photoperiods 
are longer than 13 hr. (Parker and Borthwick, 1939a). 

The season of the year at which a plant blooms is largely controlled, 
at least in temperate regions, by its type of reaction to day-length con¬ 
ditions. The natural blooming period of long-day plants is in the late 
spring and early summer. Short-day species which can grow at relatively 
low temperatures bloom in the early spring, the flower buds in many such 
species being formed during the preceding growing season. The majority 
of the members of this group do not develop flowers until the advent of 
the shortening days of late summer or eady autumn. This latter type 
of behavior is invariably found in short-day annual species and is char¬ 
acteristic of many short-day perennial species as well. Indeterminate 
species, on the other hand, may flower at almost any season during which 

other environmental conditions are favorable. 

The geographic distribution of plants is also governed in part by their 
photoperiodic reactions. Species requiring photoperiods appreciably longer 
than 12 hr. obviously cannot accomplish sexual reproduction in tropical 
regions. Pronounced short-day species are for the most part excluded froiO 
the high latitudes (60° and farther north or south) unless they can be 
propagated vegetatively, because the growing season in such regions is 
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restricted largely to the period during which very long photoperiods pre¬ 
vail. In temperate zones, long-day, short-day, indeterminate, and inter¬ 
mediate species all flourish, but bloom at different seasons as already 
described. Indeterminate species can bloom over such a wide range of 
day lengths that their geographic distribution is controlled by factors 
other than the length of the photoperiod. 

A complication to be considered in any analysis of photoperiodism is 
that the length of the daylight period is constantly changing over large 
portions of the earth’s surface. In the north temperate zone, for example, 
the photoperiod lengthens from day to day between December 21 and 
June 21, and shortens from day to day between June 21 and December 
21. Many herbaceous plants in such regions start life under relatively 
short photoperiods, pass through a period of lengthening photoperiods, 
and then in turn through a period of shortening photoperiods. Many 
perennials, especially of the herbaceous type, pass through similar sea¬ 
sonal changes in length of photoperiod during their annual growth cycle. 
This situation has important implications both for the development of 
plants in nature and for the development of crop plants. If, for example, 
a series of plantings be made of a distinctly short-day plant, such as 
the Biloxi soybean, during the spring and early summer, none of the 
plants will flower until the day length has decreased to the critical photo- 
period in late summer. In other words, the crops sown late in the season 
will bloom at about the same time as those sown early in the season. 
The late-sown plants, however, will have had very little time in which to 
develop vegetatively; hence they will bear fewer flowers and yield a 
smaller crop of fruits than the early-sown plants. 

Photopenodic Induction .—If a short-day plant which has been grow¬ 
ing under long days is transferred temporarily to short days and then 
returned to a long-day environment, flowering will often be initiated, 
even though the plant remains exposed to long photoperiods thereafter. 
This phenomenon is referred to as photopenodic induction. The number 
of photoperiodic cycles required to induce flowering differs from one spe¬ 
cies to another. In the cocklebur, exposure to one short day followed by 
one long night is sufficient to induce the formation of flowers on plants 
which are kept both before and after such a treatment under long-day 
conditions (see later). Similarly, initiation of flower primordia occurs in 
Biloxi soybean upon exposure of the plants to a minimum of two con¬ 
secutive short-day cycles (Hamner, 1940). 

The phenomenon of photoperiodic induction is also exhibited by long- 
day plants. From one to four long-day cycles, depending upon irradiance 
and length of the photoperiod, are sufficient to induce flower formation in 
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dill 1 (Naylor, 19411. Annual beet, on the other hand, requires a mini¬ 
mum of 15 to 20 long-day cycles (Hamner 19401, and English plantain 
(Plantago lanceolate) , a minimum of 15-25 long days (Snyder, 19481, for 

the induction of flowers. , .- i 

Both of these latter two plants exhibit the phenomenon of part a 

induction,” which is distinctive to some species. English plantain lor 

example can be exposed to 10 long days, then to as many as 20 short 

days then to 15 long days, and finally returned to short days under which 

flowering will take place. Apparently the "partial induction” which occurs 

during the first series of long-day cycles carries over a period of short- 

day cycles and operates essentially as if it were a part of the second senes 

Any” "phot o pcr iod i c cycle which induces initiation of'flower*; on plants 
is called a photoinductive cycle; one which does not 's oalled a 
photoinductive cycle. An 8-hr. photoperiod alternating with a G-lir. dark 
period is one possible photoinductive cycle for short-day cocklebur plants 
a 16 - 1 ,r photoperiod Alternating with an 8-hr. dark period ,s one possible 

non-photoinductive cycle for this plant .seouent 

In general, the number of flower pnmordia initiated the subsequent 

development of the flowers, time of blooming, and development o fruits 
will be influenced by the number of induction photoper.ods, as veil a. 
by their exact length. For example, although one photoinductive c>cl 
is sufficient to induce flowering in cocklebur, the flowers require about 
64 days to mature, whereas continuous exposure to photoinductive cycles 
results in an increase in the number of flowers initiated and in 
uration of flowers within about 13 days (Naylor, 194 ). 

Locus 0 l the Photoperiodic Reaction and Trans,n,scon of the effect. 
—Knott (19341 showed that induction of flowering in spinach ong 
day plant) occurred only when the leaves were exposed o long photo- 
nertods Exposure of the meristem to long photo|>eriods while the lcaics 
were under short photoperiods resulted in maintenance of the vegetative 
.... cimilnr results have been obtained with a number ot other 

pkAts 1 Among these are long-day dill (Hamner ami Naylor, 1939) and 
short-day ch^santhemun, (Cajlachjan, 1936), B.lox, soybean (Bo.th- 
Wnd Paler 1938a), and cocklebur (Hamner and Bonner, 19381 
T, ,h the cAckbbu. and Biloxi soybean the young, just fully expanded 
leaves have "beer^shown to be most effective in inducing flower forma- 
tion, and this is probably true of plants m general. 

*^thalkwil^flower”under^ptaitoperiods^as Bh'o^ttS^ lIr.^'Marne^'lMOh^ts^exact 

appear, to' be that of an iadeterauaate plant. 
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That the leaves are the locus of the photoperiodic reaction has also 
been shown by grafting experiments. When the short-day Biloxi variety 
of soybean is kept under a 17-hr. photoperiod no flowers are initiated. If, 
however, leaves of the Agate variety, which flowers over a wide range 
of day lengths, are grafted on Biloxi plants exposed to a 17-hr. photo¬ 
period, the latter will soon initiate flowers (Heinze et al. y 1942). Similar 
results have been obtained in analogous grafting experiments with other 
species. 

Since the photoperiodic reactions occur in the leaves, the influence of 
such reactions must in some manner be transmitted to meristems if their 
transformation from a vegetative to a reproductive state is to be accom¬ 
plished. The distance over which transmission of the effect occurs varies 
with the kind of plant and other conditions. 

In experiments with short-day cosmos, Garner and Allard (1923, 1925) 
showed that flowering occurred only on the portion of the stem, be it 
top, middle, or bottom, that was exposed to short days if the remainder 
of the plant was exposed to long days. With a two-branched cosmos plant, 
one branch of which was exposed to short, the other to long, days, only 
the branch exposed to short days flowered. In this plant the influence of 
the photoperiodic reaction appears to be highly localized. 

In the cocklebur, on the other hand, exposure of one leaf to short days, 
while the rest of the plant is exposed to long days, causes initiation of 
flowers at meristems throughout the plant. The effect in cocklebur is 
thus systemic and is transmitted both in the upward and downward direc¬ 
tions through the plant. Furthermore, unlike cosmos, both branches of a 
two-stemmed cocklebur flower if only one of them is exposed to a short 
day (Hamner and Bonner, 1938). The “floral stimulus” in cocklebur is 
transmitted through the bark, most likely in the phloem (Withrow and 
A\ ithrow, 1943), and this is doubtless also true in other species. Further¬ 
more, if one leaf of a cocklebur is exposed to a photoinductive cycle and 
this leaf he removed within 24 hr. after cessation of the cycle, no induc¬ 
tion of flowers occurs. This indicates that the rate of transmission of the 
floral-inducing effect is relatively slow. In the Biloxi soybean, the effect 
of the exposure of one leaf to photoinductive cycles is also transmitted in 
both the upward and downward directions through the plant, but incep¬ 
tion of flowering takes place only in buds relatively close to the exposed 
leaves. 

The facts just discussed have led to the postulation that some sub¬ 
stance or complex of substances is synthesized in leaves under photo¬ 
inductive cycles, whence it is translocated to apical meristems, inducing 
their conversion from the vegetative to the reproductive condition. The. 
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name “florigen” has been proposed for this postulated flower-inducing 

'TToXSfcS SPeriods in Photoperio^-In nature the 
photoper(od ; c cycle is 24 hr. in length, a long photopenod be.ng auto- 
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than those which occur under na¬ 
tural conditions. In the labora¬ 
tory, for example, a 10-hr. photo- 
period need not be accompanied, 
as in nature, by a 14-hr. dark 
period, but may be made to alter¬ 
nate with an 8, 10, 12, 16, 20-hr. 
or any length of dark period. 

An induction technique was em¬ 
ployed by Hamner (1940) in an 
investigation of the roles of the 
light and dark periods in the initi¬ 
ation of flowering in short-day 
Biloxi soybean. Plants were first 
allowed to develop to a suitable 



Fig. 163. Relation between length of 
the dark period and initiation of flower 
primordia in Biloxi soybean. Data of 

Hamner (1942). 


allowed to develop to a suitamc consecutive experimental 

size under long days, then subjec e experiment to another, and 

cycles, the pattern of which di ere P effect of each treatment 

finally returned to long days. The quantitative 
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was measured as the number of nodes per ten plants at which flower 
primordia were initiated. 

In one experiment the effect of variations in irradiance during the 
photoperiods of the seven experimental cycles upon the initiation of 
flowers was investigated (Fig. 162). With photoperiods of either a 5-hr. 
or 10-hr. duration in a 24-hr. cycle, no initiation of floral primordia oc¬ 
curred at illumination values of less than about 100 foot-candles; and, 
under 10-hr. photoperiods, approximately maximum effectiveness was 
attained at about 800 foot-candles. The irradiance during the phdto- 
periods is therefore not without influence in inducing photoperiodic in¬ 
actions, but in general a maximum effect is obtained in this species at 
irradiances which are relatively low compared with full sunlight. 

In other experiments the length of the dark period was varied from 



LENGTH OF PHOTOPERIOD IN HOURS 

Fig. 104. Relation between length of photoperiod and initiation of flower pri¬ 
mordia in Biloxi soybean (dark period 16 hr.). Data of Hamner (1942). 


4 to 20 hr., while the length of the photoperiod (irradiance about 1200 
foot-candles) was kept constant, in one experiment at 16 hr., in another 
at 4 hr., during the seven experimental cycles. The results showed (Fig. 
163) that a certain minimum length of dark period (about 10.5 hr.) is 
necessary it induction of any floral primordia is to occur and that the 
length of tlie minimum dark period required is the same within a wide 
range ot photoperiods. Furthermore, under 16-hr. photoperiods, the longer 
the dark period, up to 16 hr., the greater its effectiveness. 

In still other experiments the length of the dark period was kept con¬ 
stant at 16 hr., while the length of the photoperiod (irradiance about 1200 
oot-c audios) was varied from 4 to 3G hr. during the seven experimental 
cycles. Maximum initiation of floral primordia occurred under a photo- 
period about 11 hr. long, but any photoperiod between about 1 hr. (esti¬ 
mated) and about 19 hr. in length was effective in inducing the formation 
of some primordia (Fig. 164). No primordia were initiated, however, in 
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photoperiods which were 20 hr. or more in duration. Although the number 
of flower primordia initiated is thus influenced markedly by the length 
of the photoperiod, the length of the dark period, as previously indicated, 

determines whether the plant will bloom or not. 

Similar photoperiodic requirements for flowering have been demon¬ 
strated in other kinds of short-day plants, but the effective lengths of 
the photoperiods and the dark periods differ from one species to another. 
In the cocklebur the photoperiod of the single necessary photoinductive 
cycle need be only 0.5 hr. at 2000-3000 foot-candles and a temperature 
of 30°C. At lower irradiances, with increasing length of the photoperiod 
up to a certain point, the effect on initiation of flower primordia and 
their rate of development increases (Mann, 1940). The minimum effective 
dark period for this species is about 8.5 hr. (Hamner, 1940). 

In general, if flowering is to occur, short-day plants require cyclical 
alternations of continuous dark periods of a minimum duration with 
photoperiods of adequate irradiance within a certain range of lengths. 
Minimum effective photoperiods may be very short—less than an hour 
in some species—but photoperiods may also be too long to induce bloom¬ 
ing. Minimum effective dark periods, on the contrary, arc never very 
short. Short-day plants do not bloom under alternating cycles of rela¬ 
tively short dark periods and photoperiods, as do long-day and indeter¬ 
minate plants (sec later). 

The so-called “intermediate” plants appear to be fundamentally sim¬ 
ilar to short-day plants in that both dark and light periods arc necessary 
if they are to flower. “Intermediates” appear to differ from short-day 
plants only in that the minimum length of photoperiod required for 
flowering is considerably longer in the former than in the latter. 

The cyclical requirements of long-day plants are quite different from 
those of short-day plants. Dill blooms in about 40 days after sowing 
under continuous illumination of 1000-1400 foot-candles (Naylor. 19411. 
This plant flowers sooner under continuous illumination than under any 
of a number of kinds of cycles of alternating dark and light periods 
(Allard and Garner, 1941). Similarly, annual beet, another long-day plant, 
flowers in 4-7 weeks after sowing under continuous illumination of 1000- 
1400 foot-candles, but docs not flower at all at 500 foot-candles. (Naylor, 
1941). In general, long-day species flower under continuous illumination, 
provided other environmental conditions, especially irradiance and tem¬ 
perature, are suitable. 

In general, long-day plants, unlike short-day plants, do not require an 
alternating cycle of light and dark periods, but flower without exposure 
to any dark intervals whatsoever. The only requirement of such plants, 
if flowering is to occur, is that they be exposed to a photoperiod of 
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minimum irradianee which must not be less than a certain minimum 
duration out of each 24-hr. day. The exact length of this minimum (crit¬ 
ical) photoperiod differs from one long-dav species to another, and for a 
given species varies somewhat depending upon irradianee and tempera¬ 
ture. 

Failure of long-day species to bloom under short photoperiods results 
from the dark periods being too long, rather than from the photoperiods 
being too short. This is shown by the fact that such species bloom under 
short photoperiods if they alternate with dark periods which are -also 
short. Dill, for example, flowers on alternating cycles of 0.5-hr. light: 
0.5-hr. dark, and also on 1:1, 2:2, 12:12, 24:24, and 30:30-hr. cycles 
(Allard and Darner, 1941). 

Like long-day plants, all indeterminate species which have been tested 
flower under continuous illumination. Zinnia angustifolia, for example, - 
blooms under continuous illumination, under a cycle of 12-hr. light, 12- 
hr. dark, but not under a cycle of 6-hr. light, 18-hr. dark (Allard and 
Garner, 1941). indeterminate plants, like long-day plants, require only 
that they be exposed to a photoperiod of minimum irradianee and of not 


less than a certain duration out of each 24-hr. day if flowering is to be 
induced. The distinction between long-day and indeterminate plants thus 
appears to be an arbitrary one, the only important difference between 
the two types being that indeterminate plants have a lower critical photo¬ 
period than long-dav plants. As in long-day plants the light period need 
not be continuous for indeterminate species to bloom. Zinnia angustifolia, 
for example, flowers under alternating cycles similar to those under which 
dill flowers (Allard and Garner, 1941). 

Mechanism of Photopenodism .—There can be little doubt that flower- 


inducing substances of a hormonal nature exist in plants, that the rates 
of synthesis and destruction of such compounds are markedly influenced 
by t,1P phot ope riodic cycle and temperature (see later), and that the 
environmental conditions under which synthesis of such substances occurs 
difler from one kind of plant to another. However, present evidence for 
the existence ot such substances is purely inferential, since all attempts 
to extract from plants and identify such compounds have failed to date. 

Although earlier workers recognized four types of plants on the basis 
oi their photoperiodic reactions, later work has indicated that the only 
tund amen tally distinct categories are those of long-day plants and short- 
day plants. In spite of the often diametrically opposite reactions of plants 
of these two types to a given photoperiodic cycle, there are many indica¬ 
tions that the photoperiodic mechanism of both long-day and short-day 
plants is basically similar. 


One such line of evidence is that grafting of a long-day or indetermi- 
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natc plant to a short-day plant induces the latter to flower if the “donor 
part of the graft is kept under photoinductive cycles (Moshkov, 1937; 
Heinzc et al., 1942 and others). Such experiments show that compounds 
synthesized in one kind of plant are effective in inducing flower forma¬ 
tion in other kinds. 

Another line of evidence which indicates that the photoperiodic mech¬ 
anism in all plants is basically similar is that within a single species there 
often exist varieties which differ in the pattern of their photoperiodic 
reaction. This is true of soybeans, as already discussed. Another example 
is side-oats grama grass (Boutcloua eurtipendula ), some strains of which 
consist almost entirely of short-day or intermediate plants, while others 
consist of a mixture of long-day and intermediate plants (Olmsted, 1945). 

A similarity in photoperiodic mechanism is also suggested by the fact 
that both flowering of short-day plants under short natural photoperiods, 
and inhibition of flowering of long-day plants under the same conditions 
occur because the dark periods in such 24-hr. cycles are long not because 
the photoperiods are short. This is shown by the results of experiments m 
which the dark period of such cycles is interrupted at approximately its 
midpoint by exposure of the plants to a short period of illumination, hich 
need not be of a very high irradiance. The photoperiodic reaction of both 
types of plants is reversed by such a treatment. In other words, flowering 
of short-day plants (cocklcbur, Riloxi soybean) is inhibited (Hamner 
and Bonner, 1938), while flowering of long-day plants (Wintex barley, 
Hyocyamus niger) is promoted (Borthwick et al., 1948a; Parker ct al., 
1950). The effect of interrupting the dark period is the same as is obtained 
with each type of plant by extending the length of the photoperiod with 
weak supplemental illumination as described earlier. 

Furthermore, the same spectral regions which most effectively inhibit 
flowering of short-day plants (Parker et al., 1940) arc also the ones which 
most effectively promote flowering of long-day plants (Borthwick et al., 
1948b) when used to interrupt the dark period. Although all wave lengths 
of visible light are active in inducing such reactions, there is a region of 
maximum effectiveness in the orange-short red and a region of minimum 
effectiveness in the blue-green. This “action spectrum” closely resembles 
that for the elongation of pea leaves (Chap. XXX), suggesting the like¬ 
lihood of a similarity in the basic mechanism of the two processes. 

Although more attention has been devoted to investigations of the role 
of the dark period in photoperiodism, the role of the photoperiod is at 
least equally significant. In typical long-day and indeterminate plants, 
a dark period is not even necessary for induction of flowering, further¬ 
more there is some experimental evidence of a close relation between 
photoperiodism and photosynthesis (or at least COo consumption). No 
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flower priinordia developed on Biloxi soybeans when no CO 2 was supplied 
during the 8-hr. photoperiods, and plants that received C0 2 at atmos¬ 
pheric concentration during 2, 4, 6, and 8 hr. of each photoperiod formed 
flower primordia in numbers which were proportional to the length of the 
period during which C0 2 -containing air was supplied (Parker and Borth- 
wick, 1940). 

However, Leopold (1949) and others have shown that potato, pea, 
bean, and some other species initiate flower primordia if grown from 
tubers or seed in total darkness. Such etiolated plants apparently can 
synthesize flower-inducing compounds when stored substances are avail- 
aide in tubers or cotyledons. On the other hand, green leafy plants, trans¬ 
ferred to continuous darkness while still in a vegetative state, fail to 
initiate flower primordia. This suggests the existence of an inhibitory 
effect in the dark of the green leafy condition on flowering, and that an 
effect of exposure to the photoperiod is the elimination of this inhibition. 

Hypotheses regarding the exact mechanism of the hormonal regulation 
of flowering in plants are too much in the realm of speculation to war¬ 
rant detailed consideration in an introductory discussion. Possible physio¬ 
logical mechanisms of photoperiodism are discussed by Melchers (1939), 
Cholodny (1939), Hamner (1940), Borthwick et al., (1948b), and Snyder 
(1948). 


The relative lengths of the photoperiod and dark period not only have 
an influence on whether or not flowers develop, but may also effect the 
sexual expression of plants. In corn (Zca mays), a monoecious species, 
short photoperiods favor production of carpellate and suppression of 
staminate flowers (Schaffncr, 1930), the “tassels” becoming more or less 
completely converted into carpellate flowers. Several other species, in¬ 
cluding cocklebur and ragweeds, are known to react in similar fashion to 


short photoperiods. Hemp, however, a dioecious species, reacts somewhat 
differently. Usually about half the plants in a field of hemp arc carpel¬ 
late and about half staminate. The shorter the day length under about 
14 hr. the greater the proportion of carpellate plants on which some 
staminate flowers develop and the greater the proportion of staminate 
plants on which some carpellate flowers develop (Schaffner, 1923). 

Temperature.— The influence of temperature upon reproductive growth 

1 ls> c j ,,s °l- v interrelated with photoperiodic effects. Depending 

upon the particular combination of temperature cycle and photoperiod, 

the influence of this factor may be to reinforce the effect of the photo- 

period in inducing or inhibiting reproductive development, or to act in 

opposition to it. In the latter situation the effect of either temperature 

or the photoperiod may predominate, depending upon the plant and other 
conditions. 
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It is obvious that temperature may affect any hormonal mechanism 
of flowering in various ways. Temperature may influence the rates of 
synthesis, or of destruction of the compounds involved, the rate of their 
translocation from leaves to meristems, and the effectiveness of the hor¬ 
mone or hormones in inducing morphogcnic changes in the meristems. 

The influence of temperature upon the photoperiodic reactions of 
Biloxi soybean has been investigated in considerable detail. Initiation of 
flower primordia in this species was found to be influenced much more by 
the temperature of the dark period than by the temperature of the photo- 
period (Parker and Borthwiek, 1939b). At 13°C\, during the dark period, 
the number of flower primordia-eontaining buds initiated was much 
smaller than at dark period temperatures of 18° or 24°C. Fewer primordia 
were initiated at a 29°C. dark-period temperature than at 18° or 24 D C., 
but more than at 13°C. The effect of dark-period temperatures upon the 
initiation of flower primordia was much the same, whether the photo¬ 
period temperature was 13°, 18°, 24°, or 29°C., although photoperiod 
temperatures of 24° and 29°C. were more favorable to initiation than 13 
or 18°C. 

The effects of a localized cooling of the leaves, petioles, and of the 
terminal buds on initiation of flower primordia (Borthwiek, Parker, and 
Hcinze, 1941; Parker and Borthwiek, 1943) were studied in order to find 
out whether the principal effect of low temperature was upon synthesis 
of hormone within the leaves, its translocation from leaves to meristems. 
or its effect on differentiation of flower primordia at apical meristems. 
Although low temperatures applied at any of these points exert a retard¬ 
ing effect on initiation of flowers, lower temperatures must be applied to 
the petioles or buds (about 2°-7°C.) than to leaves during the dark 
period (about 7°-13°C.) if marked inhibition of the flowering reactions 
is to occur. The checking effect of low night temperatures on flower in¬ 
itiation in this species appears therefore to result primarily from their 
influence on reactions which occur in the leaf blades, since, as tempera¬ 
ture is lowered, such processes are suppressed sooner than translocation 
of flower-inducing substances or differentiation of floral parts. 

There are other indications that the temperature of the dark period 
has an important influence on the photoperiodic reactions of plants. 
Roberts and Struckmeyer (1938, 1939) have shown that the reactions of 
a number of kinds of plants to length of day may be altered under green¬ 
house conditions as a result of the night temperature which prevails. For 
example, the well-known Maryland Mammoth tobacco bloomed under a 
short photoperiod (about 9-10 hr.) if the night temperature was 18°C\, 
but not under a long photoperiod (about 16-18 hr.); whereas under a 
night temperature of 13°C. this plant bloomed under both of these photo- 
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periods. Similarly morning gloiy (Heavenly Blue variety) bloomed only 
under long days (about 16-18 hr.) at a night temperature of 13°C., only 
under short days (about 9-10 hr.) at a night temperature of 21 °C., but un¬ 
der both of these photoperiods at. a night temperature of 18°C. Similar 
illustrations can also be given for long-day plants. Beet, for example, 
ordinarily flowers only under a relatively long day but, in the relatively 
low temperature range of 10°-16°C., flowers under an 8-hr. photoperiod, 
although not as abundantly as under a 15-hr. photoperiod (Chroboczck, 
1934). 

The fact that the temperature of the dark period is much more critical 
in its influence on the reproductive growth of many plants than the tem¬ 
perature of the photoperiod has important implications for growers of 
greenhouse crops. The patterns of plant behavior in relation to tempera¬ 
ture as described above come largely under the heading of thermoperiodie 
reactions. It is often not merely a matter of temperatures within a cer¬ 
tain range being conducive to reproductive development, but that cyclical 
patterns of alternation between certain day and certain night tempera¬ 
tures are required. 

Considered primarily from the standpoint of temperature, some plants 
require relatively low temperatures for flowering, some require relatively 
high temperatures, and others flower over a wide range of temperatures 
(Thompson, 1939). Flowering of plants in the first category is adversely 
affected in warm climates, flowering of those in the second is adversely 
affected in coo! climates. 

Lettuce is an example of a species in which flowering is favored by 

relatively high temperatures. If the white Boston variety is grown at 

21 -27 C., no heads form and the plants soon begin to develop flower- 

stalks; at 16°-21°C., heads develop first and flowcrstalks later; whereas 

at. 10 -16 C., heads develop more slowly and flowerstaiks either very 

slowly or not at all. Other species in which relatively high temperatures 

are conducive to flowering include cleome, phlox, pepper, and some vari¬ 
eties of chrysanthemum. 

Celery, beet, onion, cabbage, carrot, cosmos, and stocks are exanmles 
of plants in which flowering is favored by relatively low temperatures. 
Celery plants, exposed for 10-15 days to 4 l -10°C. or 10°-16°C., develop 
flowerstaiks and seed if grown subsequently at 16°-21°C., but if grown 
continuously under the latter range of temperatures remain vegetative. 

xposure to relath ely low temperatures also favors reproductive growth 
o a number of biennial plants, such as the garden and sugar beet. Such 
plants ordinarily do not flower the first growing season, but usually bloom 
and set. fruit the second. However, flower, fruit, and seed development 
fails to take place in these plants during the second season unless they 
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arc exposed to relatively low temperatures between their first and second 
growing seasons. Furthermore, by suitable temperature treatments it is 
possible to induce flowering and seed development of biennial beets the 
first season, thus modifying their growth habit from that o! a biennial 
to that of an annual. Beet plants (Crosby Egyptian variety). for example, 
maintained at 10°-16°C., all fruited the first season; maintained at 16 - 
21°C., only a few fruited; maintained at a still higher temperature, none 

fruited (Chroboczck, 1934). 

As several of the examples given above illustrate, the influence of a 
certain temperature treatment at one stage in the life history of a plant 
may influence its development during a later stage. In other words, a 
plant can undergo a thermal induction, which is closely analogous to 
photoperiodic induction. The efficacy of thermal induction may depend 
upon the subsequent temperature treatment of the plant. Celery, beet, 
or cabbage plants, thermally induced to initiate flowers by exposure to 
10°-16°C., develop flowers and seed more quickly if subsequently main¬ 
tained at 16°-21°C. than at 10°-16°C., and remain vegetative indefinitely 
at 21°-27°C. In other words, the effect of the low temperature thermal 
induction can be reversed by subsequent exposure to too high a tempera- 


Temperature lias complicated effects upon the fruiting as well as the 
flowering phases of reproductive growth. Among these are thermopenodic 
effects. In tomato, for example, fruit set is abundant only when night 
temperatures arc between 15° and 20°C., being less prevalent or even 
absent at higher or lower night temperatures (Went, 1944). More or less 
similar relationships doubtless hold for many other kinds of plants. 

Carbohydrate and Nitrogen Metabolism.— The flowering phase of repro¬ 
ductive growth is a relatively transitorv one and is controlled predomi¬ 
nantly by a hormonal mechanism rather than by nutritive conditions 
within the plant. Nevertheless, the construction of floral parts proceeds 
at the expense of foods translocated to the floral meristems, and some 
2 ffects of the nutritional status of the plant are exerted even on this phase 
of growth since no organ of a plant grows well unless adequately supplied 

with both carbohydrates and nitrogenous foods. 

High nitrogen appears to favor development of carpellate rather- than 

staminate flowers in a number of dioecious species (Loehwing, 1938). 
In the tomato, deficiency of carbohydrates induces microspore degenera¬ 
tion and pollen sterility, whereas nitrogen deficiency has no such effect. 
Development of the female organs, on the contrary, is not greatly influ¬ 
enced by carbohydrate deficiency but is markedly repressed by nitrogen 


deficiency (Howlett, 1936). 

Development of fruits, particularly those of a fleshy type, 


is physio 



684 


FACTORS INFLUENCING REPRODUCTIVE GROWTH 


logically very similar to vegetative growth. The effects of different pro¬ 
portions of carbohydrates and nitrogenous foods on the development of 
fleshy fruits is, in general, similar to their effects upon the development of 
vegetative organs. In tomato, even when all other conditions are favorable 
for fruit development, deficiency of nitrogen results in the formation of 
small, tough, woody fruits. When nitrogenous foods are present in ade¬ 
quate quantities and if other growth conditions are also favorable, large, 
juicy, succulent fruits develop. An adequate supply of water is also an 
obvious requisite for the maximum development of fruits of the fleshy 
type. 

Specific Chemical Compounds.—As the previous discussion has shown, 
there are many indications that flowering in plants is induced by naturally 
synthesized hormones. Flowering can also be promoted, at least in some 
species, by the external application of certain chemical compounds. 
Blooming of pineapple, for example, can be induced by treatment of the 
plants with acetylene or ethylene (Rodriguez, 1932; Cooper and Reece, 
1942). 

Certain auxins (a-naphthaleneacetic acid, 2,4-dichlorophenoxyacetic 
acid) also elicit the flowering reaction in pineapples under certain condi¬ 
tions when applied in suitable concentrations (Clark and Kerns, 1942; 
Van Overbeck, 1946). On the other hand, certain auxins such as a-naph- 
thalencacetic acid and indoleacetic acid have been found to exert an in¬ 
hibitor}' effect on flowering in some species of plants (Bonner and Thur- 
low, 1949, and others). 

A more complete analysis of the relation of auxins to flowering is 
afforded by the results of Leopold and Thimann (1949), who found that 
relatively low concentrations of a-naphthaleneacetic acid or indoleacetic 
acid promote flowering in barley or teosinte, while relatively high concen¬ 
trations inhibit it (Fig. 136). 

^ ar * ous chemicals have been found to have rather specific effects 
on the flowering of plants; 2,3,5-triiodobenzoic acid, for example, results 
in an enhanced production of flowers on tomato and some other plants 
when it is sprayed on them in certain concentrations (Zimmerman and 
Hitchcock, 1949). Maleic hydrazide, on the other hand, is an example of 
a compound which inhibits flower initiation when applied in any appreci¬ 
able concentration (Naylor, 1950). 

Knov n and probable roles of naturally occurring hormones in the ripen¬ 
ing of fruits are discussed in the preceding chapter. External application 
of certain compounds, largely of the auxin type, has various effects upon 
fruit development. Among these are prevention of abscission (Chap. 
XXXV), induction of parthenocarpy, already discussed, and accelerated 
ripening of fruits. This latter effect can be induced in some kinds of fruits 
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by treatment with 2 , 4 -dichlorophenoxyacetic acid. Hastened ripening of 
fruits of apple, banana, and pear has been obtained by treatment with this 
compound (Mitchell and Marth, 1944). The effect is somewhat similar to 

that of ethylene, previously discussed. 
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DISCUSSION QUESTIONS 

1. With most floricultural plants which is the more practical way of increasing 
flowering during the winter months—increasing the intensity of light or its daily 
duration? 

2. Why do radishes rapidly “go to seed” if planted in the late spring? 

3. What would be the probable photoperiodic classification of each of the 
following plants: One that flowers only at day lengths longer than 10 hr.? One 
that flowers only at day lengths longer than 8 and less than 14 hr.? One that 
flowers under alternating 5-rnin. intervals of light and dark and on a photoperiod 
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of 6 hr.? One that flowers when exposed to continuous illumination but not at a 
photoperiod which is less than 12 hr.? One that flowers at a 9-hr. photoperiod, 
15-hr. dark period; but not on a cycle consisting of 9-hr. photoperiod, 7-hr. dark 
period, 1-hr. photoperiod, and 7-hr. dark period? One that does not flower on a 
9-hr. photoperiod, 15-hr. dark period; but does on a cycle of a 9-hr. photoperiod, 
7-hr. dark period, 1-hr. photoperiod, and 7-hr. dark period? One that does not 
flower under a continuous illumination of 100 foot-candles, but does under a 
continuous illumination of 1000 foot-candles? 

4. What would be the probable photoperiodic classification of each of the fol¬ 
lowing plants: One that flowers in far northern latitudes? One that flowers in 
the tropics? One that flowers in a greenhouse in winter in north central United 
States? One that flowers in January in Argentina? One that flowers in late sum¬ 
mer or early autumn in north central United States? 

5. The climate at certain altitudes on high mountains in tropical regions is 
similar in most respects to that of temperate regions. Plants transplanted from 
such mountain habitats to temperate regions often fail to grow and bloom. 
Explain. 
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GROWTH CORRELATIONS 



The development of every organ of a growing plant is influen <j e( ?J* 
some degree by the physiological processes or physicochemical condition. 

prevailing in some other organ or organs. Thus, the \ege a n g 
many plants is sharply checked during the period of fruiting because th 
presence of developing fruits strongly influences processes occurring in 
the root system. Similarly, the size and vigor of root systems are influ¬ 
enced by photosynthetic activities of the leaves, and the formation ot 
flower buds and flowers may be controlled by processes taking place in 
leaves. Such relationships, often reciprocal, existing among the organs ot 
a plant, are termed growth correlations or often simply correlations. 

Growth correlations are not only exerted by one organ on another but 
also occur among tissues and even among cells. The harmonious develop¬ 
ment of the plant body as a whole is a result of correlative influences 
operating from organ to organ, tissue to tissue and cell to cell. Hundreds 
of correlative influences arc operating more or less continuously in the 
tissues of a growing plant. The discussion in this chapter will be restricted 
almost entirely, however, to some of the better known examples of the 

correlative influences of one plant organ on another. 

Not all growth correlations result from operation of the same interna 
mechanism. Some result from the effect of one organ upon the supply and 
distribution of foods to other organs. One of the effects of leaves upon 
the root system is a correlation of this kind. Other correlations may be 
caused by the greater use of water or mineral salts in one organ than in 
another. A large number of growth correlations apparently result fro 
the influence of hormones or hormone-like substances. Examples of su 
correlations have been described in the preceding chapters. It is also pos¬ 
sible that differences in electrical potential from one part of the plant to 
another may play a role in the correlative development of plants. 
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Correlations Between Reproductive and Vegetative Development.—A 

study of the correlation between vegetative development and fruiting in 
the tomato plant has been made by Murneek (1925). When tomato plants 
were deflorated or the fruits were removed as rapidly as they set. the 
plants continued to grow vegetatively. If, however, the fruits were allowed 
to remain on the plant and enlarge, vegetative development and the for¬ 
mation of flowers gradually slowed down as more and more fruits began 
to develop. The steps in the inhibition of the development of such plants 
proceeded in approximately the following order: (1) loss of fecundity by 
the blossoms, (2) decrease in the size of the floral clusters, (3) abscission 
of the flower buds, (4) checking and later cessation of terminal growth of 
the stem, and (51 eventual death of all parts of the plant except the fruit. 

The checking effect of the enlargement of fruits upon continued vegeta¬ 
tive development and the development of flowers resulted, according to 
this investigator, from the virtually complete monopolization of all of the 
nitrogenous compounds in the plants by the fruits. Carbohydrates, on the 
other hand, were found to be stored in considerable quantities in both 
the fruits and vegetative organs. In general, the more nitrogenous com¬ 
pounds available, the more fruits that set and started to develop before 
inhibition of flowering and vegetative growth began. Removal of the fruits 
at any time before the vegetative parts died resulted in a renewal of 
vegetative growth, and. ultimately, in another cycle of reproductive de¬ 
velopment. 


The interrelationships between vegetative and reproductive growth have 
also been studied in cotton plants (Eaton and Rigler, 1945; Eaton and 
Joham, 19411. The reduction in vegetative growth which was found to 
accompany the formation of bolls was attributed to the small quantity of 
carbohydrate reaching the root system. Most of the carbohydrate synthe¬ 
sised in the leaves found its way into the developing fruits with the result 
that the root systems received relatively small amounts of food. The effect 
of the low carbohydrate supply to the roots was to reduce markedly the 
absorption of mineral salts which in turn restricted vegetative growth. 
Removal of the fruits resulted in tripling the sugar content of the root 
system and greatly increased the absorption of mineral salts. 

Correlative effects between fruiting and flowering can be observed in 
most species which develop flower primordia over a considerable period of 
time, as is true of many summer-blooming species. If the blossoms of the 
sweet pea (Lalhyrus odoratm 1 are allowed to develop, for example, flow¬ 
ering soon ceases, but if they are picked from time to time flower primor¬ 
dia and blossoms develop continually throughout the growing season. All 
experienced flower gardeners know that, if continued flowering is to be 
maintained in many species, especially annuals, the flowers must be cut 
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as rapidly as they open, and that allowing fruit development to proceed 
soon results in a checking or even complete cessation of Aowenng. 

The most satisfactory explanation of the growth correlations just de 
scribed is that they result from modifications in the internalfood re a 

tions of the plants. In general, they are believed to be » 

sion of such a large proportion of the available foods*-deve top ng flow.ers 

or fruits that other organs suffer a deficiency and e ; “ ^ 

growth. Both developing flowers and fruits are organs of highass ™W 
and respiratory activity and hence their maturation mayresultin ac<m 
siderable drain on the available food supply. Some sue 

seem to result from a virtual monopolisation of n.trogenous oods b^e 
growing fruits («/. Murneck's results on tomato); o hers appcar o r«uR 
mainly from the diversion of carbohydrate foods to the developing 
or fruits (c/. Eaton and Joham’s studies on cotton). 

The Shoot-Root Rotio.-A number of investigations have been^madcM 

the so-called shoot-root ratios in crop plants, uc ra weicht of 

culated by dividing the dry weight of shoots formed by ghoot _ 

the roots formed during the growth period under consi er between the 

root ratio is influenced by reciprocal correlative in u 

aerial parts of a plant and its roots. The kind and magnitude oMhese 

correlative effects depend largely upon the environmen a 
which the plant is exposed. For example, the nitrate concen ra 
substratum has been shown to have a marked influence upon 

root ratios of plants (Table 45). . • t i p 

The results of this experiment indicate a consisten increa. e 

shoot-root ratio with increase in the nitrate concentration o K • 
culture. In this particular experiment there was also an a sou o 
tion in the dry weight of the roots developed with increase in ni ra 
centration, but this was not found to be true in all the experimen s 
formed by this investigator. Similar results have been o ainc - n 

number of other species and by plants rooted in the soi a. 

solution cultures. . rnrnto A in 

The effect of nitrates upon the shoot-root ratio can H in c 

MBLE 45 INFLUENCE OF NITRATE CONCENTRATION U ™ 9 2 *) 



Dry weight of 
shoot in grams 

• 

Dry weight of 
roots in grams 

S/R ratio 


9.64 

11.81 

1.81 

5 33 

8.28 

9.08 

Medium r 1 frafr . .. . » • • 

1 43 

IVICOIUIII 1 KIAiv 

High nitrate. 

10.55 

I. >7 
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terms of their influence upon the internal food relations of plants. If the 
nitrate concentration of the substratum in which the plant is rooted is 
low, most of the nitrates absorbed are utilized in the synthesis of amino 
acids in the roots, the carbohydrates necessary for this process being 
translocated downward from the leaves. Most of these amino acids are 
used in the synthesis of protoplasmic proteins during the growth of the 
loots. Only a small proportion of the available nitrogenous compounds 
escapes utilization in the roots and is translocated (either as nitrates.or 
as amino acids and related compounds) to the aerial portions of the plant. 
The tops are, therefore, relatively deficient in proteins. Hence the growth 

rate of the aerial portions of the plant will be relatively slow and the 
shoot-root ratio relatively low. 


^ hen the supply of nitrates is more abundant, however, a smaller pro- 
poition of the total quantity absorbed is utilized in the roots. A larger 
proportion of the nitrogen, as a constituent of one kind of compound or 
another, is translocated into the aerial portions of the plant, where much 
or all of it is usually utilized in the synthesis of protoplasmic proteins 
The enhanced vegetative development of the aerial organs of the plant 
w.ncli is favored by such metabolic conditions results in the utilization of 
more carbohydrates as well as more proteinaceous foods by the aerial 
meristems. Because of the vigorous vegetative development of the shoot 
system the proportion of the carbohydrate foods which are translocated 
o he roots may be relatively small. Hence, relative to the shoots, the 
roots are like y to be defictcnt in both carbohydrates and proteins, since 
sjnthesis of the latter requires carbohydrates as well as nitrates and 
R row at a relatively slower rate than the tops, The net result is a higher 

inn°itrates. ra in ' I>Iants arC grown in a soil which is deficient 


a«^"result" of .T*** r T’' 5 ' ° f carboh y d rates within the plant, 
a. a result of a diminution in the rate of photosynthesis or anv other 

the mnntfiy of'Url TT?1 ^ ° f plante - ^‘general, diminution in 

reaped shoot-Lot a 7' f ° 0ClS aVai ' able in results in an in- 

example have hieher s'hn 1 7^ Plan,s f^wn in the shade, for 

cies grown in full sunlight 'p° rat '° S than ° thcr p,ants of the same spe- 

shoot-root ratio of woodv nlanT''' 8 C °™ monl - v r<>sults in increasing the 
is usually psneeir.il • ' P ‘ ’ ylnre ^ ie ncw growth following pruning 

iss “ p i uzation ° f most ° f th? 

from any cause nr onifin 1 01 s,milar reasons, defoliation 

° i 7 s ° r 10PS (grasses ’ alfaIfa - etc.) anally 
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tion of such effects follows a line of reasoning similar to that just pre¬ 
sented in explanation of the relative influence of high and low nitrate 
supply on the shoot-root ratios of plants. 

The shoot-root ratio is also influenced by the available soil-water con¬ 
tent. In general, a relatively low soil-water content and adequate soi 1 
aeration favor relatively low shoot-root ratios, while the opposite con¬ 
ditions favor relatively high ones (Table 46). The shoot-root ratios as 
shown in this table are computed on a fresh weight basis but undoubtedly 
would show essentially the same relations if expressed on a dry weight 
basis. The results indicate clearly that the shoot-root ratio increases with 
increase in the percentage of water in the soil. The absolute weight of the 
shoots increases consistently with increase in soil-water content, while the 
absolute weight of the roots increases to a maximum at a soil water con¬ 
tent of 20 per cent, after which it diminishes. The lesser development of 
roots at the higher soil water contents is undoubtedly a result of the poorei 
aeration of the wetter soils (cf. Table 47). 


TABLE 46—SHOOT-ROOT RATIOS OF CORN SEEDLINGS CROWN FOR 17 DAYS IN SAND AT VARIOUS 

WATER CONTENTS (DATA OF HARRIS, I9I4) 


Per cent water in terms 
of dry weight of sand 

Fresh weight in grams 

S/R ratio 

Shoots 

Roots 

38 

3 63 

4.05 

0.90 

3 ° 

3-54 

4.21 

0. 84 

10 

3 36 

S .I8 

0.65 

J 5 

*•35 

4.90 

0.48 

11 

*- 5 6 

4 3 ° 

0.36 


The relationship between photoperiodism and the shoot-root ratio has 
also received some study (Roberts and Struckmeyer, 1946). In general, 
long-day plants have higher shoot-root ratios under long photoperiods, 
and short-day plants have higher shoot-root ratios under short photo¬ 
periods. These generalizations are in agreement with the observation that 
plants blossoming or with young fruits have higher shoot-root ratios than 
vegetative plants. The explanation probably lies in the monopolization of 
food materials by flowers and developing fruits. It is also possible that the 
decreased formation of phloem tissues associated with flowering plays' a 
role in restricting the flow of foods into the root system. 

Inadequate soil aeration results in a reduction in root growth in most 
species and commonly leads to an increased shoot-root ratio (Table 47). 
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TABLE 47—EFFECTS OF AERATION WITH DIFFERENT PROPORTIONS OF OXYGEN AND NITROGEN 
ON SHOOT-ROOT RATIOS OF YOUNG TOMATO PLANTS GROWN IN SOLUTION CULTURES 

(DATA OF ERICKSON, I946) 


Concentration of oxygen, 
milliequivalents per liter 

Dry 

weight in grams 

S/R ratio 

Shoots 

Roots 

0.05 

I - 3 l 


0.23 

5.88 

1 

• 

1 

) 

0.15 

2-44 


0.53 

4-47 


0.25 

2.68 


0.70 

3.86 


o -5 

2.78 


0.74 

3-77 


• 1.0 

3.11 


0.78 

1 

4.05 



* Approximate equilibrium with oxygen at atmospheric concentration. 


Increase in temperature within the physiological range for plants usu¬ 
ally results in an increase in shoot-root ratio (Table 48). 


TABI.E 48—EFFECTS OF TEMPERATURE ON THE SHOOT-ROOT RATIO OF CARROT 

(DATA OF BARNES, I936) 



Fresh weight in grams 


Temperature °F. 

Shoots 

Roots 

S/R ratio 

50-60 

13.6 

58.1 

0.234 

60-70 

22.1 

76.1 

0.290 

70-80 

14.2 

29-5 

0.481 


In addition to the effects of environmental factors it is highly probable 
that the shoot-root ratio is also influenced by the movement of hormones 
such as the postulated rhizocaline and caulocaline (Chap. XXVIII) from 
shoot to root and vice versa. 

Apical Dominance.—In many herbaceous plants which produce aerial 
stems growth in length takes place principally or entirely at the apex of 
the main axis ot the plant. Although a lateral bud is present in the axil of 
every leaf, side branches do not often develop from these buds as long as 
the terminal bud retains its vigor and continues to grow. If, however, the 
teiininal bud is destroyed or injured in any way, or is artificially removed, 
development ol one or more of the lateral buds usually starts at once. 
This inhibiting effect of a terminal bud upon lateral bud development is 

called apical dominance and is much more pronounced in some species 
than in others. 

The phenomenon of apical dominance is usually also in evidence in all 
woody plants on which true terminal buds form. The lateral buds on cur- 
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rent shouts usually do not develop unless the terminal bud is destroyed or 
injured. Development of the lateral buds on older shoot segments is of 
more frequent occurrence, indicating that the inhibitory effect of the 
apical bud diminishes with greater distance of the lateral buds irom the 
apex of the stem. In many woody species most of the axillary buds regu¬ 
larly develop into lateral branches the next growing season after the one 

during which they formed. 

The controlling effect of the apical bud in apical dominance apparently 
results from its auxin content. When agar blocks containing either auxin b 
or indoleacetic acid were applied to 
broad bean (Vicia faba) plants in 
place of the terminal buds which had 
been removed, the blocks being re¬ 
placed with fresh ones from time to 
time in order to maintain the supply 
of auxin, inhibition of lateral bud de¬ 
velopment occurred just as if the ter¬ 
minal bud were intact (Skoog and 
Thimann, 1934). The lateral buds on 
check plants, to which only plain agar 
blocks were applied, developed rap¬ 
idly. 

A number of growth regulating 
compounds have similar effects upon 
the growth of lateral buds if applied 
in proper concentrations to the cut 
surface of a detipped stem. Lateral 
buds on vigorous field grown tobacco 
plants, for example, can be kept from 
growing for three weeks after removal- 
of the terminal bud by the application 
of a lanolin paste containing 5 per 
cent a-naphthalencacetic acid to the 
upper end of the decapitated stem. 

Lateral buds on similar detipped to¬ 
bacco plants to which no growth regulator was applied grew to a length 

of 3 or 4 feet in the same interval of time (Fig. 165!. 

When potato tubers begin to sprout, the apical buds grow rapidly but 
the lateral buds usually fail to elongate. If, however, the apical and lat¬ 
eral buds are cut out of the parent tuber, both grow at similar rates 
(Michener, 1942). Treatment of the tubers with ethylene chlorohydnn 
which causes the destruction of auxin, results in the rapid growth of both 



Fio. 165. Plants in the left fore¬ 
ground treated with a-napthalene- 
acctic acid. Plants on the right and 
in the central background are un¬ 
treated. 
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lateral and apical buds. As in the other examples cited above, the evidence 
clearly supports the thesis that the growth of lateral buds is checked by 
auxins formed in the apical buds. 

Although there is no doubt that auxins play a key role in the phenome¬ 
non of apical dominance, the exact mechanism of their operation in this 
kind of growth correlation is not known with certainty. The original sug¬ 
gestion of Skoog and Thimann (1934) was that the auxin exerted - a direct 
retarding effect on the development of lateral buds. According to this 
theory, as long as the auxin concentration in the adjacent tissue exceeds 
a given threshold, concentration growth of the lateral buds is inhibited; 
if the auxin concentration falls below this value, lateral buds begin to 
grow if no other factors are limiting (Skoog, 1939). Cf. Fig. 136 

Other more elaborate interpretations of the mechanism whereby auxins 
inhibit lateral bud development have been made. It has been postulated 
that certain other substances necessary for bud growth are diverted to 
regions of relatively high auxin concentration such as terminal buds and 
that lateral buds fail to develop because of their lack of these substances 
in adequate quantities. One such suggestion is that caulocaline (Chap. 
XXVIII)—considered to be necessary for stem elongation—moves pri¬ 
marily to regions of maximum auxin synthesis, i.e., in intact stems to the 
apical buds ("Went, 1938). 

Another postulated mechanism, one for which there is considerable 
supporting evidence (Snow, 1939, 1940), is that, under the influence of 
auxin, a growth inhibitor is formed that is responsible for the inhibition 
of lateral bud growth. The auxin, moving in its usual downward direction 
through the stem, is considered to engender in some manner the synthesis 
of a growth inhibitor which, upon movement into lateral buds, prevents 
their growth. Since it is known that some growth inhibitors have a chem¬ 
ical structure not greatly different from that of the auxins it is possible 
that such an inhibitor may actually be made from auxin. 

Another aspect of apical dominance is illustrated by the growth habit 
o many trees. Most coniferous trees and some broad-leaved trees as well 
lave a single main stem which grows vertically upward. The lateral 
branches, however, assume an obliquely upright or almost horizontal posi¬ 
tion. If the apex of the main stem is destroyed or seriously injured, one 
or more (often all) of the lateral branches originating at the node or 
nodes immediately below the apex gradually turn upward as a result of 
greater growth on their lower than on their upper sides. Eventually these 
branches assume an approximately vertical position often giving a can¬ 
delabrum-shaped top to the tree. Subsequent vertical growth of the tree 
18 accomplished by means of these reoriented branches. Maintenance of 
the more or less horizontal growth of the lateral branches in uninjured 
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trees is obviously a result of some kind of control exerted by the apical 
growing region. Although no concrete evidence exists in support of such a 
theory, the probability seems very great that this type of growth correla¬ 
tion is also to be explained in terms of a hormonal mechanism. 

Cambial Activity and Tissue Differentiation.—The first sign of growth in 
trees in the spring of the year is the swelling of the buds. This is quickly 
followed by the opening of the buds and the rapid elongation of the young 
stems. The resumption of growth by cambium cells in the older stem.- 
occurs much more slowly, however, and many days may elapse after the 
opening of the buds before cambium cells in the older stems begin to 
divide and enlarge. The division and enlargement of cambium cells first 
begins near the tips of the stems. A wave of cambial activity moves slowly 
from this region down the stems and branches and into the roots. Accom¬ 
panying this basipetal migration of cambial activity is the differentiation 
of secondary xylem and phloem tissues. This progressive march of tissue 
differentiation from opening buds toward the roots has been known foi 
many years, but until the discovery of hormones no satisfactory explana¬ 
tion of the phenomenon had been advanced. ... 

There is considerable evidence that resumption of cambial activity is 
activated by auxins which move in a basipetal direction in stems from 
developing buds. Snow (1935) showed that, if solutions of certain auxins 
were applied to the cut surface of detipped sunflower seedlings, activation 
of cambial growth was induced just as in intact plants, but no such actua¬ 
tion occurred in detipped plants to which no auxin was applied. Similarly 
introduction of a crystal of indolcacetic acid into the cambium of willow 
and other woody species leads to rapid cambial growth below the point 
of insertion of the crystal (Soding, 1936). Avery et al. (1937) showed that 
the auxin concentration of buds of apple and horse-chestnut increases at 
the time of their enlargement and reaches a peak value just prior to the 
most rapid elongation of the current season’s shoots. Movement of the 
hormone takes place from the current season’s growth basipctally into 
older portions of the stem, paralleling the downward migration of cambial 

activity. 

In herbaceous plants a growth correlation also appears to exist between 
cambial activity and flower production (Wilton, 1938). Cambium cells 
divide rapidly throughout the entire length of the stem in plants that are 
strongly vegetative and growing vigorously. When flowering begins, the 
activity of the cambium cells is sharply checked. Cambial activity con¬ 
tinues to decline as flowering progresses until, in profusely flowering 
plants, all of the cambium cells appear to have been differentiated into 
xylem and phloem tissues. The check to cambial activity first occurs in 
the region of the stem closest to the inflorescence and progresses basi- 
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petally from this region. The correlations between flower formation and 
cambial activity suggest the operation of a hormonal mechanism. Since 
transformation of a large proportion of vegetative to reproductive men- 
stems would greatly reduce auxin output, it seems likely that this may be 
another auxin-controlled growth correlation. 

Growth Correlations Between Leaves and Buds.—Examination of a leafy 
shoot will show that a bud is present in the axil of every leaf. This same 
relationship between the position of leaves and the location of buds also 
holds at the shoot apex where embryonic buds develop above the center 
of each leaf primordium. When leaves are caused to form in unusual posi¬ 
tions, buds also arise above the center of the point where the leaf joins 
the stem. The constancy of this relationship between leaves and buds sug¬ 
gests some controlling influence of the former organ over the development 
of latter. Very soon after the leaf primordium begins its development the 
first signs of bud fonnation also can be detected. However, if the young 
leaf primordium is carefully excised no bud will develop. Furthermore 
partial separation of a very young leaf primordium from the stem apex 
by a vertical incision results in the formation of the bud upon the isolated 
portion of the leaf primordium—never upon the stem axis itself (Snow 
and Snow, 1942). Experiments of this kind demonstrate that the develop¬ 
ment of buds is controlled by the leaf and not by factors in the stem axis. 
The mechanism of this control is unknown, but it is probably of a 
hormonal type. 


Polarity.—Many growth correlations are polar; that is, the two ends of 
a growing axis exhibit a marked dimorphism in development. The most 
familiar example of polarity in plants is that shown by cuttings, in which 
roots develop from the basal end and shoots from the apical end. Even if 
such cuttings are inverted and kept in a moist atmosphere roots will usu¬ 
ally develop only from the morphologically basal end and 6hoots only 
from the morphologically apical end. It is not difficult, however, to induce 
the formation of roots at the upper end of a stem by the application of 
relatively high concentrations of growth regulators (Fig. 165). 

While the obvious manifestations of polarity are morphological, basi¬ 
cally all such phenomena depend upon a physiological mechanism. Many 
of the polar phenomena of plants probably result from the polar trans- 
po o auxins or other hormones. The polarity of cuttings, for example, 
can be explained largely, if not entirely, on a hormonal basis. 

.. Th ^ oven ^ ent of auxins in stems is usually polar in the basipetal direc- 
tion (Chap. XXVIII). This polarity of movement appears to be associ¬ 
ated with some fundamental organizational pattern of the protoplasm and 
cannot be changed easily. Segments of a stem with roots induced to form 
at the morphologically upper end of the stem axis can be inverted and 
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grown for weeks in tlie inverted position without altering the original 
apex-to-base polarity of auxin transport (Went, 1941i. After 3 or 4 weeks 
in the inverted position a new polarity appears. The stein segments now 
transport auxin from the original base to the morphological apex as well 
as in the original direction. The inherent apex to base polarity of the stem 
persists, but a new polarity in the reverse direction is also present. Pre¬ 
sumably the new polarity is limited to cells formed during growth in the 


inverted position. 

In addition to morphological polarities and polarities in the distribution 
of certain compounds, plants also exhibit electrical polarities. The apexes 
of the stems, hypocotyls, and coleoptiles of a number ol herbaceous spe¬ 
cies have been shown to be electronegative relative to more basal portions 


(Clark, 1937). In larger plants, such as trees, the distribution of gradients 
of electrical potential is more complex (Lund, 1931). Apparently each in¬ 
dividual cell in a plant is electrically polarized and acts like a tiny bat¬ 
tery. The electrical potentials occurring in plant tissues are summation 
effects of the potentials of individual cells which may act either in series 


or in parallel (Roscne, 1935). 

As a result of differences in electrical potential from one part of a plant 
to another electric currents flow continuously along certain circuits in the 
plant, and it has been suggested that these may serve as a mechanism of 
correlation. Electrical energy may thus be transferred from one cell 10 
another, influencing the processes or development of the recipient cell. Al¬ 
though there is no doubt that polarity potentials exist in plants, the evi¬ 
dence that they are the basis of a correlation mechanism is as yet very 
insubstantial. On the other hand, it is possible that the differences in elec¬ 
trical potentials known to exist in plants are purely secondary phenomena 
which bear no causal relation to the correlative behavior of plants. 

Plant Galls.—Growth correlations are not restricted to the influence one 
plant organ exerts over the growth of another plant organ. Remarkable 
control over the growth and structural differentiation of plant cells may 
also be exerted by insect larvae. When the eggs of certain dipterous in¬ 
sects are deposited on the surface of young hickory leaves, for example, 
the leaf tissue begins a rapid growth around the egg and develops a dis¬ 
tinctive and often extremely complicated structure, the anatomical fea¬ 
tures of which are determined by the species of the insect laying the egg. 
These intricate and beautifully symmetrical structures are known as galls 
(Fig. 166). So complete is the control exerted by the growing insect larvae 
over the architecture of the plant tissue constituting the gall that the 
species of insect larvae present can be identified by an examination of the 
structure of the gall. It is possible for twenty or thirty different insect 
galls to grow side by side on the same hickory leaf. The same kind of plant 
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Fk;. 166. Plant galls on leaves of hickory. All of these kinds of galls and others 
may be formed on a single hickory leaf. Redrawn from Wells (1915). 

tissue thus develops into a wide variety of architectural forms under some 
mechanism of control determined wholly by the particular species of in¬ 
sect larva present. The mechanism of control is not known but probably 
represents another example of the influence of growth regulating sub¬ 
stances on the physiological activities of plant cells. ~ 
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GERMINATION AND DORMANCY 


The Structure of Seeds.—The development of seeds is discussed in some 
detail in Chap. XXXI. All seeds contain an embryo plant which is en¬ 
closed by one, or more commonly by two, seed coats. 1 The seed coats 
originate from the integuments of the ovule and often exhibit external 
structural evidences of this origin even in the mature seed. Among these 
arc the hilum, which represents the place where the seed was attached to 
the ovule stalk (funiculus ), and micropxjle, which frequently persists in 
the mature seed, and the raphe, a remnant of ovule stalk which in certain 
kinds of seeds is adherent to the seed coats. When a single seed coat is 
present it is usually hard and woody, but when there are two seed coats 
the inner is almost invariably thin and membranous. 

The embryos in seeds of different species of plants differ markedly in 
size and appearance, but all mature embryos are composed of one or more 
cotyledons, a plumule, and a hypocotyl (Fig. 167). The cotyledons are 
the seed leaves and vary in number from one in the monocotyledons to as 
many as fifteen in the embryos of some conifers. The embryos of dicoty¬ 
ledons have two cotyledons, as the name implies. Structurally the cotyle¬ 
dons are modified leaves, but usually they differ greatly in appearance 
from the foliage leaves of the same species. The cotyledons (or cotyledon) 
are attached near the upper end of the short thick stem-like axis of the 
embryo, the hypocotyl. The plumule or bud of the embryo is usually lo¬ 
cated just above the point at which the cotyledon or cotyledons are at¬ 
tached to the hypocotyl. The plumule consists of a meristem with several 
rudimentary foliage leaves. The primary root of the plant develops from 
the lower end of the hypocotyl. The rudimentary root at the lower end of 
the hypocotyl is often called the radicle. 

' la the skunk cabbage (Spathyema foetida) and possibly in a few other species, 
the seed consists only of a naked embryo (Rosendahl, 1909 ). 
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An endosperm is also present in the seeds of many species (Fig. 167DI. 
This tissue develops from the endosperm nucleus and usually contains 
considerable quantities of accumulated foods. In the seeds of those species 
which contain no endosperm, such as the legumes, the cotyledons are usu¬ 
ally enlarged and contain considerable quantifies of reserve foods (Fig. 


167B). Some seeds contain a peri- 
sperm which represents remnants 
of the nucellus. The so-called “en¬ 
dosperm” in the seeds of gymno- 
sperms is not a true endosperm 
but represents the female gamcto- 
phyte (Fig. 167E). 

Germination of Seeds.—The re¬ 
sumption of active growth on the 
part of the embryo resulting in 
the rupture of the seed coats and 
the emergence of the young plant 
is known as germination. The 
seeds of many plants will germi¬ 
nate as soon as ripe if environ¬ 
mental conditions arc suitable. 
Pea seeds, for example, sometimes 
germinate within the pod, com 
grains may sprout while still at¬ 
tached to the parent plant, and 
the seeds of some citrus species 
frequently germinate while still 
within the fleshy fruits. Seeds of 
many other species, however, will 
not sprout until after an interval 
of weeks, months, or years, even 
if environmental conditions arc 
favorable for germination. The 
causes of this condition of dor¬ 
mancy in seeds will be discussed 

later. 

In nature, germination of seeds 
usually occurs either at or just be¬ 
low the surface of the soil. The 
latter is more apt to happen in 
forests where seeds, especially 
smaller varieties, often fall into 



E 


Fig. 167. Structure of seeds. (A) Seed 
of lima bean with seed coat removed, 
(D) seed of lima bean with one cotyle¬ 
don removed, (C) seed of castor bean 
as seen in longitudinal median section, 

( D) seed of castor bean with endosperm 
removed down to the first cotyledon, 

( E) seed of pinyon (Pinna edulis) as 
Been in longitudinal median section. 
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interstices in the decaying detritus which composes the top layer of many 
forest soils and are later covered by falling leaves. In the laboratory, 
nondormant seeds will usually sprout if they are brought into contact 
with any moist substratum or even simply exposed to a saturated atmos¬ 
phere, provided other environmental conditions arc also suitable. 

The initial step in germination is the imbibition of water by the various 
tissues within the seed. This generally results in an increase in its volume. 
The increase in the hydration of the seed coats usually causes a pro¬ 
nounced increase in their permeability to oxygen and carbon dioxide, 
which is very low in the dry seed coats. The swelling of the seed often 
ruptures the seed coat, but in some species this does not occur until the 
emergence of the primary root. 

ith an increase in the hydration of the cells, enzymes become acti¬ 
vated. In seeds possessing an endosperm, enzymes apparently move into 
that tissue from the embryo-as described in Chap. XVI. Stored foods, 
whether they occur in the endosperm or cotyledons, are digested and the 
soluble products of the digestion process are translocated toward the 
growing points of the embryo. If chemical analyses are made of samples 
of seeds at successive stages during their germination, it is found that 
the quantity of starches, oils, and proteins in the seed decreases markedly 
(Table 34). A large proportion of the fats present are usually converted, 
after digestion, into soluble carbohydrates. The soluble carbohydrates are 
not present during the later stages of germination in amounts quantita¬ 
tively equivalent to the starch or other storage carbohydrates digested 
during the process, indicating that a large proportion of these compounds 
is consumed in respiration or assimilated in the construction of the carbo¬ 
hydrate constituents of cell walls. In oily seeds the soluble carbohydrates 
utilized in respiration result largely from chemical transformations of the 
products of the digestion of fats. Digested proteins are usually represented 
in the seeds by quantitatively equivalent amounts of amino acids, aspara¬ 
gine, etc. This indicates that proteins are not consumed in respiration but 
are utilized in the synthesis of the organic nitrogenous compounds of the 
growing embryo. 

Insofar as the actual mechanics of seed germination are concerned two 
principal groups of seeds may be recognized: (1) those in which the 
cotyledons emerge from the seed and (2) those in which the cotyledons 
remain permanently within the seed. Most seeds of dicotyledons and 
seeds of some monocotyledons such as onion belong to the first group 
while the seeds of grasses and of some dicotyledons such as peas and oaks 
belong in the second. 

1. Seeds m Which the Cotyledons Emerge .—The sequence of events 
that takes place during the germination of the seed of the lima bean 
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(Phaseolus lunatus) will be described as a type example m this group 
(Fig. 168). Germination is initiated by a marked swelling of the seed 
which usually ruptures the seed coat. This is followed by the emergence 
of the primary root which develops from the lower end of the hypoeoty 
and is the first structure of the embryo to make contact with the external 
environment. The primary root grows downward in the soil producing la - 
rral roots and root hairs. The hypocotyl then elongates rapidly, pulling 
the cotyledons upward out of the soil into the ail where t it> se I M ™ e “ 
an approximately horizontal position on either side o ic p un 



Fio. 108. Stages in the germination of a seed of lima bean (Phaseolus I mint us). 

plumule then begins active growth giving rise to the stem and foliage 
leaves of the seedling. Since the bean is a seed without an endosperm the 
food used during germination is largely derived from the accumulations 

in the thick cotyledons. , , „ 

2 Seeds in Which the Cotyledons Do Not Emerge .—The seed of t 
pea is structurally very similar to that of the bean, but its germination 
behavior is very different. Elongation of the hypocotyl does not occur, 
and the cotyledons remain in the seed. The primary root elongates early 
in the process of germination much as in the bean. The plumule is elevated 
through the soil by rapid elongation of the ejncotyl, which is theisten. 
region between the cotyledons and the first true leaves—in other words, 

the first internode. — 1AQ . 

This type of germination is also exhibited by oak acorns ( g. 
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Many monocotyledons also show this type of germination behavior. In 
the germination of the corn grain, for example, the primary root develops 
from the lower end of the axis of the embryo, growing through the coleor- 
hiza (Fig. 84) and the wall of the grain (pericarp). As the primary root 
elongates, lateral roots soon appear and root hairs begin to develop just 
back of the elongating regions on all of the roots. The single cotyledon 
( scutellum ) remains within the seed and acts as an absorbing organ 


Fi.;. 169. 



Stages in the germination of a red oak (Qucrcus borealis) 

Redrawn from Korstian ( 1927 ). 


acorn. 



ENVIRONMENTAL CONDITIONS NECESSARY FOR GERMINATION ,()< 

through which soluble foods in the endosperm mo\c into the ti - u ' 
the rapidly enlarging embryo. Soon after the appearance o t u primary 
root the plumule and the coleoptile, which completely encloses 1 , pro 
out through the walls of the grain and upward as a result ot donga ion o 
the region of the axis just below the plumule. About the time the coleop¬ 
tile breaks through the surface of the soil, or soon thereafter, the firs 
foliage leaf grows through the tip of the coleoptile and emerges into the 

light and air. . , * ,n 

Environmental Conditions Necessary for Germination.—The sec ’ 

species of plants require at least three external eon ition~ >< ore ‘ 

tion can occur: (1) water, (21 a suitable temperature, and i3i oxseen., 

fourth factor, light, is of importance in the gcrmmation of the seeds ol 

1. Water .—A low water content is one of the prominent cl.aia * - 

of the dormant seeds of most plant species, althoug 1 some . u< * 
injured and lose the capacity to germinate if their wa tr con on ‘ 
low levels (Jones, 1920). The germination of grapefruit seeds, or -1 P • 
was reduced 30 per cent by drying at room temperature o o 
moisture, although much lower moisture contents did not reduce g 
tion if the temperatures were reduced to 5°C. (Barton. 194.il. 

The physiological processes of living cells occur largely in an ‘“l 
medium, and germination cannot occur unless the see< can a > or > ' 

from its environment. The absorption of water initiates a senes of pin . leal 
and chemical processes which, in the absence of any muting ac i ■ 
suits in the emergence of the embryo from the seed. Soil-moisture r°nt<mt 
need not be high, however, for germination to occur. At hen soil ■ 
levels are at or slightly below field capacity, germination of seeds is m - 
ally most rapid, but good germination of many species of ^ecls a 

sequent emergence of the young seedlings may occur v uri lower 

ture level is at the permanent wilting percentage or even slightly lover 

The quantity of water absorbed during germination by seeds of d - 
ferent species or even by varieties of the same species varies within vide 

limits. Seeds of a drought resistant variety of cotton, for cxam > ,lc ’ 
been found'to absorb only about one-half as much water during g 
nation as seeds of a variety less resistant to dry weather (Stiles 1948K 
Water-vapor as well as liquid water can be imbibed by seeds Most 
seeds therefore, will pass through the earlier stages of germination in 
an atmosphere ^ich is saturated, or nearly so, but if the - 1 - P-sure 
of the atmosphere is appreciably boloiv tho saturation value germination 

will be checked or inhibited. ranid 

2. Oxygen. —The respiration of germinating seeds proceeds at a rapid 
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rate especially during the early stages of germination. The partial pressure 
of oxygen in the atmosphere can he reduced considerably, however, with¬ 
out greatly interfering with the rate of respiration (Chap. XXI). In fact, 
the seeds of some water plants such as cattail (Typha Inti folia) germinate 
better under low oxygen pressures than in air. Seeds of many terrestrial 
plants can germinate under water where the concentration of oxygen often 
corresponds to a partial pressure of oxygen very much less than that of 
the atmosphere (Morinaga. 1926). Seeds of many common weeds may lie 
buried in the soil lor years without germinating; yet when the soil is 
plowed or otherwise disturbed so that these seeds are brought to the 
surface germination usually occurs promptly. The cause for this delay in 
germination of viable seeds appears to be the low oxygen content or high 
carbon dioxide content, or both, of the soil in which they are buried. Ex¬ 
posure to the air, which occurs as a result of plowing, so increases the 
oxygen supply in the environment of the seeds that germination usually 
takes place within a few days it other conditions are not limiting (Bibbcv, 
1948). 

During the early stages of germination of seeds of pea and some other 
species, respiration is largely or almost entirely of the anaerobic type be¬ 
cause of the relative impermeability of even hydrated seed coats of such 
species to oxygen (Chap. XXII>. As soon as the seed coats are ruptured, 

however, aerobic respiration replaces anaerobic oxidative processes even 
in seeds of this type. 

3. Suitable Temperature .—In the absence of other limiting factors the 
seeds of any species will germinate within a certain range of tempera¬ 
tures, but at temperatures above or below this range no germination will 
occur. As a rule, the seeds ot species indigenous to temperate regions ger¬ 
minate in a lower range of temperatures than seeds of species whose na¬ 
tive habitat is in tropical or subtropical regions. Wheat seeds, for example, 
germinate at temperatures only slightly above 0°C. and at temperatures 
as high as 35°C., whereas the range of temperatures for germination of 
seeds of maize (a species oi subtropical origin) lies between a lower value 
of 5 -10 ( . and an upper limit of about 45°C. The optimum temperature 
is usually about midway between the two extremes of temperature at 
vhidi germination will occur. It is not possible to designate any exact 
temperature as the optimum for germination, because this varies with the 
other prevailing environmental conditions and also with the exact criterion 
selected as an index of germination. The most favorable temperature for 
the elongation of the primary root, for example, does not always cor¬ 
respond to the most suitable temperature for the development of the 
plumule. 

4. Light. A few species of plants including the strangling fig ( Ficus 
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aurea) , mistletoe ( Viscum album), and some other epiphytes ha\e seed* 
which fail to germinate unless exposed to the light. Many kind* of ^eeds 
germinate better when exposed to the light than "hen kept in total dark¬ 
ness. Examples of these light-favored seeds are those ot many grasses, 
especially species of Poa, the evening primrose (Oenethera biennis), are 
mullein {Verbascum thapsvs). On the other hand, the germination ol the 
seeds of some species appears to be retarded or even prevented by expo¬ 
sure to light. Seeds of the onion and many other members of the lily family 
belong in this group (Crocker, 1936). The effect of light upon the germi¬ 
nation of seeds is profoundly influenced by other environment a actor.. 
For example, the germination of the seeds of some species of grass < on 
sp.) is ordinarily influenced by light, but after a period of < i> storage 
this effect disappears. Similarly the ordinarily light scnsiti\e see< s o e 
pampas grass ( Chloris ciliata) will germinate readily in comp ete * 
ness in an atmosphere of pure oxygen. Freshly harvested Ftuu 1 11 

germinate much better in diffuse light than in total darkness. ie >tne 
ficial effects of light disappear, however, it the seeds aie p ao< < m an 
atmosphere containing 5-20 per cent of CCk. (Thornton, 193t»i oi i 

seeds are treated with thiourea (Raleigh, 1943). ... 

Dormancy of Seeds.—Many kinds of seeds, apparently iipe, tai o gei 
minate even if placed under such conditions that all en\ iionmenta tac or. 
are favorable. In such seeds resumption of growth b\ the rnmryo 
arrested by conditions within the seeds themselves. The state o m u »i «•' 
growth of seeds or other plant organs as a result of internal causes is 
usually called dormancy but is sometimes referred to as the ‘rest period. 

Failure of seeds to sprout does not necessarily mean that they are 
dormant. Environmental conditions may be unfavorable for germination. 
The water supply may be inadequate, or the temperature may be un a\or- 
able. Deeply buried seeds are often prevented from germinating >> 
inadequate oxygen supply, or certain kinds of light-senMtne 
fail to germinate because of unfavorable light com i ions, 
mancy” as applied to seeds is generally restricted to t iosc " IU 1 1 . 

germinate as a result of internal causes. For convenience \\e s ia ■ 
term quiescence as a designation for the situation in " m ' al u - 
plant organ to grow is a result of environmental conditions, n pr.u . 
is often difficult to determine whether seeds or other plant organ, un 
natural conditions are actually dormant or meiely quiesctn 

resorting to an experimental test. 1 lif- 

Dormancy of seeds results from one or a combination o M\(ia 


ferent factors: 

1. Seed Coats Impermeable to Water .—The seed coats of many species 
are completely impermeable to water (and probably also to oxygen 
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the time the seeds are ripe. This condition is very common in the seeds of 
many legumes (clovers, alfalfa, black locust, honey locust, etc.), of the 
water lotus, and of the morning glory. Germination fails to occur until 
water penetrates through the seed coats. In many such seeds the perme¬ 
ability of the coats to water increases slowly in dry storage, but it occurs 
more rapidly when they are exposed to the fluctuations of temperature 
and moisture that are present in soils under natural conditions. The action 
of bacteria and fungi also increases the permeability of the seed coats to 
water and so shortens the dormant period of seeds of this kind that are 
buried in the surface layers of soil. 

It is probable that the cause of the impermeability of seeds to water 
will be traced to some feature of the structure or the chemical composi¬ 
tion of the walls of the cells in the seed coats. Comparative studies, how¬ 
ever, of the cellular anatomy of seed coats of legume species with imper¬ 
meable seed coats and of legume species with seeds that are permeable to 
water have failed to reveal the presence of any structural characteristics 
associated only with the impermeable condition (Watson, 1948). 

2. Mechanically Resistant Seed Coats. —The seeds of some of the com¬ 
monest weeds, such as mustard (Brassica) , pigweed (Amaranthus) , water 
plantain (Alisma), shepherd’s purse (Capsella) , and peppergrass (Lepi- 
<lium ), remain in the dormant condition because the seed coats are strong 
enough to prevent any appreciable expansion of the embryo. In the seeds 
of the pigweed ( Amaranthus retroflexus) , for example, water and oxygen 
penetrate through the seed coats readily, but the enlargement of the em¬ 
bryo is limited by the mechanical strength of the seed coats. As long as the 
seed coats remain saturated with water, dormancy persists, and may last, 
for a period of 30 years or even longer. If the seed coats become dry, how¬ 
ever, certain changes occur in the colloidal compounds that make up the 
walls of the cells of the seed coats so that, upon being again saturated with 
water, they are no longer able to resist the pressures developed by the 
imbibitional forces in the embryo. The coats are ruptured and germina¬ 
tion occurs. High temperatures (above 40°C.) may also induce some ger¬ 
mination of pigweed seeds at the time of ripening because the seed coats 
are less resistant at these temperatures. As the seeds age, the minimum 
temperature for germination becomes lower. The embryos of these seeds 
have no dormant periods and will grow readily if the seed coats are re¬ 
moved. Likewise any treatment which weakens the seed coats increases 
the percentage of seeds that germinate. In general, other seeds with me¬ 
chanically resistant seed coats exhibit similar behavior. 

3. Seed Coats Impermeable to Oxygen. —The two seeds in a fruit of 
cocklebur ( Xanthnim ) are not equally dormant. Under natural conditions 
the lower seed usually germinates in the spring following maturity while 
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the upper seed remains dormant until the next year. The dormancy of 
these seeds has been demonstrated to result from the impermeability 
of the seed coats to oxygen (Shull, 1911). If the seed coats are ruptured, or 
if the oxygen pressure is increased around intact seeds, germination occurs. 
The oxygen requirements for germination are greater in the upper seed 
than in the lower, and this explains the more pronounced dormancy of the 
former. During dry storage or under natural conditions the seed coats 
gradually become more permeable to oxygen, and the oxygen requirements 
of the embryo decrease. Hence the intensity of the dormant condition 
gradually diminishes. The seeds of a number of grasses and of many Com- 
positae also have dormant periods that seem to result from the imperme¬ 


ability of the seed coats to oxygen. 

4. Rudimentary Embryos .—Many species of plants have seeds in which 
the embryo does not develop as rapidly as the surrounding tissues, so 
that when the seeds are shed the embryos are still imperfectly developed. 
In some species the ripened seeds contain embryos that have grown little 
beyond the fertilized egg stage, whereas in other species development ot 
the embryos may be nearly complete when the seeds are shed. The ger¬ 
mination of such seeds is necessarily delayed until formation of the em¬ 
bryo is complete. Examples of species in which dormancy of seeds is a 
consequence of incompletely developed embryos include ginkgo (Ginkgo 
biloba ), European ash (Fraxinus excelsior ), holly {Ilex opaca ), and many 


orchids. 

5. Dormant Embryos.- -In many species, although the embryos are 
completely developed when the seed is ripe, the seeds fail to germinate 
even when environmental conditions are favorable. Dormancy of such 
seeds is a result of the physiological condition of the embryo. The embryos 
of such seeds will not grow when the seeds first ripen even if the seed 
coats arc removed. Among the many species whose seeds exhibit dor¬ 
mancy of this type are apple, peach, hawthomc, iris, lily-of-the-vallev. 
basswood, ashes, tulip poplar, dogwood, hemlock, and pines. Germination 
of such seeds occurs only after a period of “after-ripening.” In many wild 
species after-ripening occurs during the winter while the.seeds lie on the 
ground or just under the soil surface. Such seeds will not germinate in the 
fall just after they are shed, but will germinate the following spring if 
environmental conditions are favorable. In some species after-ripening 
occurs over a period of years, some germination occurring each year 
After-ripening involves principally a series of changes in the physiological 
condition of the embryo which gradually converts a dormant embryo into 
one that can resume growth. The nature of these physiological changes is 
not clearly understood at the present time. In some species after-npemng 
also involves changes in the properties cf the seed coats. The length of 
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time required for completion of the after-ripening process can be greatly 
modified by environmental conditions as subsequent discussion "ill show. 

6. Germination Inhibitors.-^ Germination of seeds is sometimes checked 
or prevented by the presence of cofnpounds known as inhibitors. These 
are often substances produced in one or more plant organs. The juice of 
tomato fruits, for example, inhibits the germination of tomato seeds and 
many other seeds as well. Even when tomato juice is diluted in a propor¬ 
tion of 1:25 it completely inhibits the germination of seeds of Lepidium 
sativum (Evenari, 1949). Germination inhibitors are known to be present 
within the seeds of some species such as those of iris (Randolph and Cox, 
1943) and of at least some varieties of cabbage (Cox et al., 1945). It is 
probable that such germination inhibitors are present in the seeds of 
many other species and that they represent a widespread mechanism of 
dormancy. Certain compounds having the structure of unsaturated lac¬ 
tones appear to be widely distributed in plants and to possess the property 
of inhibiting seed germination and other growth phenomena (Veldstra 
and Havinga, 1945). Among the compounds in this category are coumarin 
(Chap. XXVIII) and parasorbic acid. There are indications that at least 
some of the naturally occurring inhibitors are compounds of this type. 

Secondary Dormancy.—Some seeds which are capable of germinating as 
soon as they are harvested lose this capacity after being kept in an un¬ 
favorable environment for a while. This induced dormant period is known 
as secondary dormancy. Usually secondary dormancy can develop only 
when at least one of the conditions essential for germination is unfavor¬ 
able. For example, if seeds of white mustard ( Brassica alba) are exposed 
to high concentrations of carbon dioxide they fail to germinate, even un¬ 
der favorable conditions, for a long period after the removal of the carbon 
dioxide (Kidd and West, 1917). Light-sensitive seeds may pass into sec¬ 
ondary dormancy if kept in the dark, and seeds that germinate only in the 
dark may become dormant if exposed to light. Likewise, secondary dor¬ 
mancy may be induced in some kinds of seeds by exposures to low tem¬ 
peratures and in others by high temperatures (Davis, 1930). 

Secondary dormancy is often caused by changes in the seed coat since, 
in some species, the embryos are able to grow immediately if the seed 
coats are removed. In other kinds of seeds, however, the dormancy is pro¬ 
duced by physiological changes that occur within the embryo itself. Sec¬ 
ondary dormancy, like primary dormancy, may be interrupted by various 
treatments. 

Special Types of Dormancy.—The failure of seedlings to develop from 
seeds is not always traceable to dormancy of the seed itself. In many of 
the spring wild flowers, for example, germination of the seed may occur, 
but growth is restricted to the establishment of the young root system, 
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the epicotyl failing to grow. In some species the epicotyl? may push 
through the seed coat but remain dormant after this has hern accom¬ 
plished (Barton, 1944). Epicotyl dormancy is usually broken by exposure 

to low temperatures (1°-10?C.). 

Young root systems also may exhibit dormancy after emerging from 
the seed and becoming established in the soil. In some species oi Tnlhum 
for example, there is present a double dormancy—that ol the seed and 
that of the young root after emerging from the seed (Barton, 1944), Root 
dormancy, like dormancy of the epicotyl, is usually broken by exposure 

to low temperatures. 

Methods of Breaking the Dormancy of Seeds. —The dormancy ol seeds 
presents a practical problem of considerable economic importance. Plant 
growers are often interested in securing seed that will germinate soon 
after it is harvested. Ordinarily this would be possible only with seeds 
that have a short dormant period or none at all. Methods have been de¬ 
vised, however, whereby the dormancy of many kinds of seeds can be 
broken, and whereby the length of the dormant period in many other 
kinds can be shortened. The methods employed for the breaking of dor¬ 
mancy vary depending upon its cause. Methods which can be used for 
breaking the dormancy of one species may be totally ineffective when 
used with seeds of another species, and sometimes may even prolong 


dormancy. . 

1. Scarification .—Whenever dormancy is a consequence of any ot tne 

causes inherent in the seed coats it can be interrupted by scarification. We 
shall use this term to apply to any treatment—mechanical or otherwise— 
which results in rupturing or weakening the seed coats sufficiently to per¬ 
mit germination. For example, machine-threshed legume seeds usually 
show a higher percentage of germination than those that have been har¬ 
vested by hand. The mechanical treatment is sufficiently severe to scratch 
or crack many of the seed coats, and this permits ready ingress of water. 
Various types of mechanical treatments have been devised for breaking 
the dormancy of seeds of this kind. Strong mineral acids have likewise 
been used successfully to interrupt seed dormancy caused by resistant or 
impermeable seed coats. It is essential, however, that any method used to 
interrupt seed-coat dormancy should not be injurious to the embryo. Un¬ 
der natural conditions dormancy of such seeds is broken by the slow decay 
of the seed coats or by the action of alternate freezing and thawing. 

2 Low Temperatures. —After-ripening of many seeds occurs more rap¬ 
idly when they are stratified in moist peat at low temperatures than when 
stored at higher temperatures. Temperatures between 5° and 10°C. for 2 
or 3 months are effective with conifer seeds (Barton, 1930) and greatly 
increase the percentage of germination. Similarly, low temperatures com- 
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hired with moisture have been found to reduce the period of after-ripen¬ 
ing in seeds of mountain ash, basswood, elder, bayberry, and many other 
species. The effectiveness of low temperatures in breaking dormancy ap¬ 
pears to be associated in some species at least with a favorable relation 
between respiration rates and the rate of oxygen absorption or carbon 
dioxide liberation. Permeability changes in the seed coats may also be an 
important factor. 

3. Alternating Temperatures. —In some seed testing laboratories it is 
common practice to subject seeds alternately to relatively low and high 
temperatures. The temperature extremes of such treatments may not dif¬ 
fer by more than 10° or 20°C., and both are commonly well above the 
freezing point. The germination of seeds of Kentucky blue grass ( Poa 
pratensis) , for example, is greatly improved by subjecting the seeds alter¬ 
nately to temperatures of 20°C. for 16-18 hr. and 30°C. for 6-8 hr.; and 
the percentage germination of Johnson grass ( Holcus halepensis) seeds is 
increased bv alternate treatments at 30°C. for 18-22 hr. and 45°C. for 
2-8 hr. (Harrington, 19231. The dormancy of some seeds may be inter¬ 
rupted by alternate freezing and thawing, although this is decidedly harm¬ 
ful to other species. The action of the alternating temperatures upon the 
seeds is not understood. It is entirely ineffective with seeds of some spe¬ 
cies. Seeds of carrot and timothy, for example, germinate just as well at 
constant temperatures as when temperatures are varied. In general, this 
method of treatment is used principally with seeds in which dormancy is 
inherent in the embryo. 

4. Light. —In the previous discussion light was mentioned as one of the 
conditions essential for the germination of certain species of seeds. Light 
may be considered, therefore, as a means of breaking dormancy of such 
species. In some of the species other environmental factors can be sub¬ 
stituted for light. In seeds of Veronica longifolia (one of the commonly 
cultivated speedwells), for example, light improves germination at low 
temperatures, but the seeds germinate equally well in total darkness at 
high temperatures. In seeds of Kentucky blue grass exposure to light 
is effective in improving germination at both variable and constant 
temperatures. 

5. Pressures. —Seeds of sweet clover (Melilotus alba) and alfalfa 
(Medicago satira) showed greatly improved germination after being sub¬ 
jected to hydraulic pressures of 2000 atm. at 18°C. ( Davies, 1928). When 
the pressure was applied for periods of from 5-20 min. the germination of 
the seeds was increased by 50-200 per cent. The effect of the pressures 
persists after the seeds have been dried and stored and undoubtedly re¬ 
sults from changes in the permeability of the seed coats to water. 

6. Growth Regulators. —Growth regulators are widely used to hasten 
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the development of roots on cuttings and to increase the number of 100 its 
produced (Chap. XXVIII). The success obtained by these treatment- has 
suggested the possibility of interrupting the dormancy of seeds or ro - 
ing their germination by similar means. Considerable study has been de¬ 
voted to this problem but with very few exceptions neither -formant nor 
quiescent seeds appear to react to treatments with growth regulate^ 

Longevity of Seeds.—The life-span of seeds varies from a few weeks to 
many yearn, depending upon the species and the environmental conditions 
to which the seeds are subjected. The silver maple {Acer sacchannum 
may be cited as an example of a species which has short-lived seeds. V hen 
the seeds of this species are shed in June their water content is about 58 
per cent. Once their moisture content drops below 30 to 34 per cent, the 
seeds die (Jones, 1920). Since this often happens within a few weeks in 
nature, seeds of this species soon perish. The seeds of the majority of crop 
plants are relatively short-lived under the usual storage conditions gen- 
eX remaining vilble for only one to three years. The life-span of such 
seeds can often be increased several fold by keeping them under suitable 

8t MThe CO o n ther°e n xtreme there are a few authentic records of seeds which 
have Hved for more than a hundred years. Bequere! (1934. succeeded m 
germinating in 1934 seeds of Cassia bicapsularis which had been collected 
fn 1819 and seeds of Cassia mvltijuqa which had hecn collected m 1/ /6. 
These are both South American species of legumes. Viable see s of the 
Indian lotus (N dumbo nucifera) have been found buried undei layers o 
pe and sml in Manchuria of such depth that they must have beer, at 

east 120 years old and may have been 200 to 400 years old (Ohga, 927V 
With this one exception all the authentic records of seeds living for 75 
yearn or longer are of legumes. Further data on the longevity of seeds are 

""AT least s'omc'of'the’seeds of a number of species of wild plants will 

• hie Tor 50 years or more. This is especially true of hard-coated 
remain viablei for 50 y^ ^ wHh a prono unced dormancy remain 

species. As a g . The gce( |s t) f many weed species are 

-f irsr—Sii.....».«-.. 

Michigan in 1879. Seeds of twenty herbaceous species were mixed with 
sand and’buried in pint bottles. Twenty such bottles were prepared. Once 
eX five O ten years one of the bottles was excavated and the enclosed 
XT tested for their percentage of germination. Fifty years later seeds of 
five sTc es remained alive ami showed the following percentages of ger- 
mTarion yellow dock ( Rumex crispus). 52 per cent ; evening primrose 
To^erlbiJnU), 38 per cent; moth mullein (Verbascum 6«-«ana). 
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62 per cent; black mustard ( Brassica nigra), 8 per cent; and water 
smartweed ( Polygonum hydropiper), 4 per cent (Darlington, 1931). The 
70-year period for this experiment is now past and the results in 1950 
showed that seeds of three species ( Oenethera biennis, Rumex crispus, and 
Verbascum blattaria) were still viable. The germination percentage of the 
Verbascum seeds was still high, 72 per cent, while the percentages for the 
seeds of Rumex and Oenethera were 8 and 14, respectively (Darlingcon 
1951). 

Similar results were obtained from the buried seed experiment of Duvel 
which was terminated in 1945. In this experiment seeds of sixteen species 
were still capable of germination and growth after about 40 years. (Toole 
and Brown, 1946). 

Methods of Detecting Seed Viability. —It is often important to know 
whether seeds are merely dormant and capable of germination under 
suitable conditions or whether they are dead. Since dormancy may be 
prolonged and since the causes of dormancy are sometimes difficult to 
ascertain, the existence of some reliable method of measuring the viability 
of seeds is highly desirable. Three of the many methods proposed have 
received considerable experimental study: (1) the behavior of excised em¬ 
bryos, (2) the use of certain dyes, and (3) the activity of specific enzyme 
systems. Of these the first two seem more reliable indices of viability than 
the last named. Enzyme activity is not closely correlated with seed vi¬ 
ability in all species and cannot be used successfully as a general method 
to distinguish between living and nonliving seeds (Porter, 1947). 

The excised embryo test is based upon the behavior of embryos when 
removed from the surrounding tissues of the seed. If carefully separated 
from the seed and placed upon moist filter paper at room temperature, 
embryos of viable seeds will show various types of growth behavior, 
whereas nonviable embryos deteriorate rapidly. This method of deter¬ 
mining the germinating capacity of seeds seems widely applicable and 
has a high reliability (Flemion, 1938). 

Methods involving dyes are of two kinds. One depends upon the im¬ 
permeability of living cells to certain stains which readily enter and stain 
dead tissues. The second method depends upon the reduction by living 
cells of certain colorless compounds which are strongly colored in their 
reduced states. With this method the living cells become strongly colored 
and the nonliving tissues remain unstained. This method has in general 
proved to be more satisfactory than the use of dyes which enter and 
stain only the dead tissue. The two compounds most widely used are 
2,3-diphenyl-5-methyl-tetrazolium chloride and 2,3,5-triphenyl-tetrazo- 
lium chloride. The latter is commonly preferred to the former. Dilute 
solutions of these salts (0.05-2.0 per cent) are used as solutions in which 
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sections of the seeds arc soaked for several hours. The embryos of living 
seeds become stained a deep red or orange while dead embryos remain un¬ 
stained. The tetrazolium methods are highly successful with many species 
of seeds, especially so with seeds of the grasses (maize, wheat, etc.), but 
must be used with caution with some seed species (Porter et al., 1947; 

Flemion and Poole, 1948; Bennett and Loomis, 1949). 

Methods of Prolonging Seed Viability.—Seeds of many species rapidly 
loose their capacity to germinate if stored in an unfavorable environment. 
The critical factors in determining the viable period of most seeds are 
moisture and temperature, although the oxygen and carbon dioxide con¬ 
tent of the surrounding atmosphere are also of importance. In genera . 
seeds remain viable for longer periods of time at low temperatures (5 C.) 
than at room temperature, and low relative humidities are usually more 
favorable for prolonging the life of seeds than high ones. Neither actor 
can be considered independently of the other, however, since the effect 
of one commonly depends upon the magnitude of the other (Barton. 
1949). Marked fluctuations of temperature or relative humidity in storage 
rooms are not conducive to prolonging the viability of seeds, similar y 
the packaging of vegetable or flower seeds in paper envelopes when dis¬ 
played for sale frequently exposes the seeds to variations in temper at uir 
and humidity which shorten significantly the period in which good ger¬ 


mination can be obtained. . f . 

Longevity of many seeds seems correlated with respiration rates of the 

embryo, and it is for this reason that low temperatures and low seed mois¬ 
ture content are usually essential if viability is to be maintained for long 
periods of time. There are exceptions to this general rule, citrus seeds and 
coffee seeds, for example, remaining alive longest in a humid a mosp l 
(Porter, 1949). It is nevertheless generally true that environmental condi- 
tions which reduce the rate of respiration in seeds arc also conditions 

which are most favorable for seed storage. , e 

In addition to the environmental factors just discussed a number of 

internal factors arc known to influence the longevity of seeds in storage^ 
The stage of maturity at the time the seed ,s harvested, the moisture 
content of the seed when placed in storage, and genetic fnctors al ‘ P !“* 
a role, sometimes a decisive role, in determining the viability of the 
seeds. These factors vary so widely in different species of seeds that any 
general statement of their relative importance would be difficult or 

^Dormancy of Buds.— Lateral and terminal buds ordinarily develop on 
the newly elongated shoots of temperate zone woody plants during the 
spring and early summer months. Such buds are not commonly >n the 
dormant state during this period. Defoliation of the tree or shrub from 
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any cause, for example, often results in the development of new shoots 
from buds formed during the current season. By the time of, or some¬ 
what prior to, leaf-fall, however, such buds have passed into a state of 
dormancy. In nature dormancy of buds borne on woody stems is broken 
by exposure to relatively low winter temperatures. The length of time 
for which such buds retain their dormancy, however, differs considerably 
according to species. 

Howard (1910) made a comprehensive study of bud dormancy in a 
large number of species of woody plants, some of American, some of 
European, and some of Asiatic, origin. This investigation was conducted 
in Missouri. Of 234 species collected, buds of 125 species developed when 
branches were brought into a greenhouse between October 28 and !No- 
vember 4. Most of these were European or Asiatic species. In other words, 
the buds of more than half of the species experimented with were no 
longer in a dormant state on this date. A second collection of branches 
from 283 species was brought into the greenhouse on January S-10. Of 
these, buds developed on 244 species. On February 23 a third collection 
of 63 species was made composed largely of kinds on which the buds 
failed to develop in the preceding two tests. On this date buds developed 
on all but five of the species collected. The results of this study indicate 
that the buds of some woody species retain their dormancy much longer 
into the fall or winter than others and that the buds of many such species 
are in a quiescent rather than a dormant state during much of the winter. 

Dormancy of buds is sometimes a result of correlative effects, many 
of which probably have a hormonal mechanism. A familiar example is 
the phenomenon of apical dominance in which lateral buds remain dor¬ 
mant as long as the terminal growing region remains intact, but usually 
resume growth upon its injury or removal. 

Likewise the buds of many kinds of tubers, rhizomes, corms, and bulbs 
often remain dormant for periods of greater or less duration while envi¬ 
ronmental conditions are favorable for their development. 

Methods of Breaking the Dormancy of Buds. —As the previous discussion 
has shown the buds on many species of woody plants remain dormant 
through the autumn and at least the forepart of the winter. This dormancy 
is not caused by low temperatures, because it is also exhibited by such 
species when kept in a greenhouse where the temperature is continuously 
maintained at levels typical of midsummer weather. The dormant condi¬ 
tion often persists as long as the temperatures are high but may be broken 
by subjecting the plants to temperatures near the freezing point (Coville, 
1920). The buds of some species such as peach will begin to grow if en¬ 
vironmental conditions are favorable, after only a few days of chilling, 
but the buds of other kinds of plants such as the blueberry (Vacdnium 
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conjmbosurn l fail to "low well unless exposed to t» 11 ij>«-• rittur» near the 
freezing point for several weeks. Coyille demonstrated that the efi*<t o. 
the low temperatures is restricted to the tissues exposed When -ingle 
branches are chilled while the rest of the plant is kept warm, only the 
buds on the chilled branch are able to grow, all of the others remaining 


dormant iFig. 170'. 

Early in the twentieth century 
buds of many kinds of plants will 
vapors of ether or chlorolorni for a 


.1 ohauiisen diseovered that dormant 
begin In grow alter being exposed to 
dav or two The interval of time be 



F.c. 170. Breaking dormancy of bud, of blueberry by low tempruturcsJ h 
branch on the right was exposed to low temperatures by aHowmB it to projec 
through a small hole in a greenhouse during the winter. The >n>n, ' h on ll< A 
remained within the greenhouse. Figure shows appearance of the plant on Apr. 

18. Photograph from Coville (lD'JO) 
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tween the ether treatment and the beginning of growth differs widely 
with the time of the year at which the vapor is applied. In late summer 
or early fall, several weeks may elapse between the exposure to ether 
vapor and the active growth of the buds. Late in the winter, however, 

the interval is shortened to a day or two. 

More recently a number of other chemical treatments have been dis¬ 
covered that are successful in breaking the dormancy of buds. Denny. 
(1926) found that dormant potato tubers sprouted freely when exposed to 



Fig. 171. Effect of ethylene dichlorid in breaking dormancy of lilac buds. Plant 
on right received no treatment. Plant on left exposed 48 hr. to ethylene dichlo¬ 
rid, 2.5 cc. of liquid per 100 liters of space on December 10. Both plants kept in 
greenhouse and photographed early in January. Photograph from Denny and 

Stanton (1928). 


ethylene chlorhydrin vapor. Sodium and potassium thiocyanate, thiourea, 
dichloroethylene, carbon bisulfide, xylol, ethyl bromide, and a number of 
other compounds were also effective. Vapors of ethylene chlorhydrin so 
hastened the growth of tubers of the Irish cobbler variety that vines 
2 feet high bearing young tubers 1 cm. in diameter grew from the treated 
tubers before the sprouts of the untreated tubers appeared above the sur¬ 
face of the ground. Solutions of sodium and potassium thiocyanate gave 
almost equally striking results. Thiourea solutions differed somewhat from 
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the other compounds used in that they overcame the inhibiting effect of 
the terminal bud upon the growth of lateral buds and caused the develop¬ 
ment of several shoots from each eye on the tuber. 

Combinations of two or more compounds, each effective in overcoming 
the dormancy of buds in potato tubers, will give better results than any 
single treatment (Denny, 1945a). A mixture of ethylene chlorhydrin. 
ethylene, and carbon tetrachloride was more effective in breaking the 
dormancy of potato tubers than the sum of the effects of each compound 
used separately. These so-called “synergistic effects” are attributed to 
the increased penetration of the compounds as a result of changes in 
cellular permeability induced by one component of the mixture. 

The vapors of ethylene chlorhydrin and ethylene dichloride also induce 
the growth of dormant buds of lilac (Syringa vulgaris ), flowering almond 
(Prunus triloba), and some other species of woody plants (Fig. 171). The 
effect of the vapors was so restricted that when one of two paired buds 
of a lilac was exposed to the vapor, growth occurred only in the treated 
bud. The untreated bud remained as fully dormant as other buds more 
distant from the treated area. Apparently the factors causing the dor¬ 
mancy of the buds of these plants reside within the buds themselves and 

not in the adjacent tissues. . , 

The dormancy of the buds of fruit trees is usually broken in nature by 

the low temperatures of the winter months. It is not uncommon, however 

for entire winters to pass in southern United States without sufficient 

cold weather to interrupt the dormancy of buds of fruit trees \\ hen n, 

happens flowering is irregular and uncertain and >ie s o rui .u ir 

correspondingly. The discovery of some method of breaking lie dormanc> 

of fruit trees is a matter of great practical importance, and the problem 

has been given much study. The dormancy of the buds of some f.mt and 

nut trees can be broken by the use of certain chemical compounds sprayed 

upon the trees during the dormant period but results are not equally 

successful with different species (Avery and Johnson, 1947). Methods o 

treatment have not been sufficiently well developed as yet to warrant 

extensive use in commercial orchards. . . . 

Methods of Prolonging Dormancy of Buds.-Often it becomes important 

to prolong, rather than to shorten, the dormancy of buds The warm 
weather of an early spring may cause the buds to open before dang 
from frost is past. Under such conditions a severe frost can cause en - 
mous damage. The prolongation of dormancy of buds of nursery stoc 
held in storage or prepared for shipment is also very desirable. Dormancy 
of buds may be prolonged by spraying with certain chemical compounds 
—some of the growth regulators being particularly effective in tin 
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spect. The results of experimental studies of orchard grown fruit trees 
have not always been consistent, but greater success has been obtained 
in the treatment of nursery stock (Avery and Johnson, 1947). 

Probably the most complete and satisfactory control of dormancy 
through the use of chemical agents is that obtained over the buds of 
potato tubers. The sprouting of potato tubers in storage may be prevented 
almost completely by treatment with certain growth regulators. The 
methyl ester of naphthalene acetic acid is now widely used for this pur¬ 
pose. When shredded paper impregnated with small amounts of this ester 
is scattered among potato tubers in a storage bin, sprouting of the buds 
is inhibited. The tubers remain completely dormant and are firm and 
sound after overwinter storage (Denny, 1945b). The dormancy induced 
in this way may be interrupted at any time by the treatments described 
earlier in this chapter. 
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GROWTH PERIODICITY 


The growth of a plant or plant organ never proceeds steadily hour 
after hour or day after day, but is subject to more or less regularly re¬ 
curring, often rhythmical, daily and seasonal variations in rate. Seasonal 
variations in growth phenomena involve qualitative as well as quantita¬ 
tive differences in development during different stages of the growth cycle. 
Most plants, for example, produce flowers only at certain stages in their 
life history and either grow only vegetativclv or not at all at other times. 
The more obvious examples of growth periodicity often correlate very 
closely with cyclical daily or seasonal variations in environmental con¬ 
ditions, but internal factors also play an important role in many periodic 
growth phenomena. 

Daily Periodicity of Growth.— All actively growing plant organs char¬ 
acteristically exhibit a daily periodicity in growth rate. A number o 
studies have been made of daily variations in the rate of increase in t le 
length of stems, the areal expansion or elongation of young lea\es, anc 
the diameters of growing fruits. Suoh measurements reveal that mar <.» 
differences in the growth rates at different times of the day are o com 


mon occurrence in plants. . , 

Cyclical variations in the rate of elongation of plant organs unng e 
course of a day can be interpreted in terms of the princip e o mu ing 
factors. During the progress of the day first one 1 actor and t len ano ler 
is limiting. The rate of growth at any particular moment will be largely 
limited by the factor in relative minimum at that time The three prin¬ 
cipal environmental factors influencing the daily pen lcity in le ra e 
of elongation of plant organs are temperature, the internal water rela¬ 


tions of the plant, and light. . 

As an example of the daily periodicity of growth the results o 

and Loomis (1944) on growth (elongation) of the leaves plus stem axis 
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of maize plants growing under field conditions in Iowa will be considered 
(Fig. 172). Similar results were obtained with several other herbaceous 
species. In general, rate of elongation was most closely correlated with 
temperature. Growth during the daylight hours was therefore usually 
greater than during the night hours, and growth during warm nights was 
greater than during cool nights whenever the internal water supply of 
the plants was not seriously deficient. Excessive temperatures (above 
about 35°C.), however, apparently had a retarding effect on growth. 



Fici. 172. Daily cycle of prowlh in height of two corn plants; one shaded, the 
other not, in relation to the daily cycle of light intensity. The plant which was 
shaded the first day was fully exposed to light the second, and vice versa. Data 

of Thut and Loomis (1044). 

Moderate internal water deficits reduced growth rates during the midday 
hours. Hence a double peak in growth rate, with one maximum in the 
early morning and the other in the evening, was common. Only when 
internal water deficits became relatively severe did the greatest growth 
occur at night. No evidence was found of a direct inhibiting effect of 
light on growth. 

Numerous patterns of daily growth periodicity may occur in plants 
depending upon the particular cyclical combination of environmental and 
internal factors which prevail. Maximum growth (elongation or enlarge¬ 
ment) rates may take place at different times of the night, at midday, 
in the early morning, in the late afternoon, or in the early evening. Ex¬ 
amples of conditions under which several of these different patterns of 
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growth periodicity occur are given in the preceding paragraph. In some 
species, including maize (Loomis, 1934), even transit of a cloud across 
the sun permits a temporary acceleration in growth rate. Under some 
conditions internal factors such as the supply of foods may play a deter¬ 
mining role in shaping the daily periodicity of growth. 

The preceding discussion has dealt with the influence on growth of 
variations in temperature and internal-water deficit within ordinary 
limits. In addition, it should be recognized that excessive internal-water 
deficits, such as are engendered by drought conditions, or extremes of 
temperature, either high or low, may lead to a complete cessation of 
growth. 

The factor of light must also be considered in relation to the phe¬ 
nomenon of growth periodicity. Although light is known to have direct 
effects on growth (Chap. XXIX), in plants growing under field conditions 
these appear to be relatively unimportant in comparison with its indirect 
effects. The influence of light on growth is exerted principally through 
its effects on the temperature of plant organs, rates of transpiration, and 
rates of photosynthesis. Plants exposed to intense light usually develop 
more severe internal water deficits than similar plants growing in the 
shade, because of the usually enhancing effect of light upon temperature 
and upon the rate of transpiration. Growth is slackened as a result of 
the greater water deficit within the plant. Low light intensities, on the 
other hand, may exert a retarding effect on growth because of a diminu¬ 
tion in the total photosynthesis accomplished by the plant. 

Measurements of the rate of growth (elongation or enlargement) of 
plant organs are sometimes complicated by the fact that there may be 
present in the organ mature cells which undergo reversible shifts in turgor 
and volume with changes in the intensity of the internal-water deficit 
in the plant. The effect of shifts in the turgidity of cells on apparent 
rates of growth is well illustrated by the results of Wilson (1948). When 
growth in length of entire tomato stems was measured, elongation during 
the night apparently exceeded elongation during the daylight hours. 
Elongation of the meristematic stem tip (above the first node), however, 
was approximately the same for both day and night periods. Growth of 
such meristems continues even when a considerable internal-water deficit 
exists in the plant (Chap. XV). During the day smaller than actual rates 
for the entire stem were recorded, because growth in length at the meii- 
stem was partially offset by shrinkage in volume of cells in older parts 
of the stem. During the night greater than actual growth rates for the 
entire stem were recorded, since, in addition to growth m length at ho 
meristem, there was an increase in the volume of cells in older parts o 
the stem. Similar effects of reversible changes in cell turgidity on the ap- 
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parent growth of cotton bolls (Fig. 78) and other fruits (Chap. XV) 
have been recorded. 

Seasonal Periodicity of Vegetative Growth. —All plants exhibit more or 
less clearly marked seasonal variations in the rate of vegetative growth. 
In temperate regions the periodic resumption of growth by woody peren¬ 
nials every spring is one of the most spectacular biological accompani¬ 
ments of the march of the seasons. This topic will be discussed almost 
entirely in terms of such woody plants. 

The seasonal periodicity of vegetative growth of any species, like the 
daily periodicity, is conditioned by both environmental and internal 
factors. Among the former, water and temperature are especially impor¬ 
tant. Some of the internal conditions which are known to play a signifi¬ 
cant part in such phenomena are the genetic constitution of the species, 
dormancy, correlative effects among organs, and the internal water rela¬ 
tions. One of the most striking features of the seasonal growth of trees 
is its relative independence of fluctuations in the environmental factors. 
Trees growing in dry habitats may exhibit growth patterns very similar 



Fig. 173. Growth in height of several species of tree seedlings in relation to 

season. Data of Kramer (1943). 
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to trees of the same species growing near by in locations where soil mois¬ 
ture is adequate (Avery et al ., 1940). Although growth may be checked 
by low temperatures many tree species initiate their growth in the spring 
before the close of the frost season, and elongation of shoots ceases long 
before the onset of frosts in the fall and winter (Kramer, 1943). Similarly 
cambial activity of many coniferous and deciduous species decreases 
markedly long before environmental conditions become unfavorable 
(Dau'benmire and Deters, 1947). The evidence clearly suggests that the 
seasonal growth patterns of many woody species are determined basically 
by the organism itself rather than by the vagaries of the environment. 

The characteristic seasonal patterns of stem elongation in several tree 
species are illustrated in Fig. 173. Growth begins slowly with the appear¬ 
ance of the warmer days of early spring, accelerates rapidly during spring 
and early summer, and levels off by late summer or early fall. The shape 
of the growth curve cannot be correlated with environmental factors, nor 
is it appreciably modified by variations in rainfall unless these are ex¬ 
ceptionally prolonged and severe. 

In many species of woody plants buds do not ordinarily develop into 
shoots or flowers during the season in which they develop but remain in 
a dormant state. The length of time that buds remain dormant varies 
greatly according to the species (Chap. XXXIV). Some lose their dor¬ 
mancy early in autumn, others retain it until late in the winter. The buds 
of temperate zone woody plants seldom open as soon as they lose their 
dormancy but remain in a quiescent state until the favorable environ¬ 
mental conditions of spring. Low temperature is probably the principal 
factor preventing the development of quiescent buds in late winter and 
early spring, although a deficient water supply may also be involved, at 
least in some species. Photoperiodic and thermoperiodio effects may also 
play a part in the vernal lesumption of vegetative growth by plants. 

The development of new shoots from the buds on woody stems in the 
spring is not always a continuous process. In species such as cherries and 
willows which “leaf out” relatively early, the growth process is often 
intermittent. During this season periods of warm weather often alternate 
with colder spells. Hence elongation of the developing shoots may take 
place in a series of short spurts, each terminated upon the advent of un¬ 
favorably cool weather. Apical growth is' much more likely to proceed 
uninterruptedly in species such as beech and the hickories in which it is 
initiated later in the spring. Under favorable conditions practically all 
stem elongation and development of the new crop of leaves may occur 
in such species during a growth period lasting only two or three weeks. 
Termination of the spring burst of growth in such species, like that of 
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the coniferous species described earlier, is evidently a result of internal 
causes, since environmental conditions usually remain favorable for 
growth during much or all of the summer. 

The stems of some ligneous species (sumac, dogwood, ailanthus, etc.) 
do not grow in the definite manner described above, but continue to elon¬ 
gate, producing leaf after leaf, for most or all of the summer, quiescent 
intermissions occurring only when environmental conditions are unfavor¬ 
able. In some such species growth is not terminated until the advent of 
frost. 

Under some conditions the buds on woody stems open the same season 
they are formed. This is a commoner occurrence in some species than in 
others and is more likely to happen on young trees or shrubs than on old 
ones. Defoliation of a tree relatively early in the season as a result of 
disease, insect ravages, late frost, or any other cause usually results in a 
resumption of growth from buds developed during the current season. 
During wet summers development of the current crop of buds into shoots 
occurs frequently in many species of woody plants. Among the oaks, 
especially when young, the development of two or even more successive 
shoots during a growing season is a common occurrence. W hen the ter¬ 
minal bud on the stem of an oak resumes growth during the season it is 
formed, lateral buds on that same segment also usually resume growth 
and develop into side branches. In the willow oak (Quercus phellos) three 
or even more prolongations of the same woody axis may take place dur¬ 
ing a single growing season. Almost always, however, when buds of the 
current crop on woody stems resume growth, there is a short dormant 
period between the time formation of the bud is completed and the time 
its active growth is resumed. 

Cambial growth in trees commonly begins near the opening buds and 
moves basipetally toward the roots (Chap. XXXIII). Weeks may elapse 
between the initiation of cambial activity in the young twigs and the 
resumption of cambium growth in the oldest region of the tree. Secondary 
thickening of the stems of most woody species generally continues later 
in the summer than elongation of the current shoots, although usually at 
a diminishing rate. Cambial activity usually ceases in the young twigs 
by midsummer but may continue until late summer or early fall in the 
older stems and sometimes until winter in the roots. 

Less is known regarding the seasonal periodicity of the growth of roots 
than of the aerial organs of plants. The existence of an inherent dormancy 
in roots appears to be uncommon. Seasonal periodicity of root growth is 
probably largely controlled by environmental conditions. In colder cli¬ 
mates little or no root growth occurs during the winter months. No growth 
of white pine roots, for example, took place in New England between the 
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middle of November and the first of April (Stevens, 1931). In milder 
climates elongation of roots through the winter months occurs in at least 
some species. Harris (1926), for example, records continued growth ot 
apple and filbert roots in Oregon during the winter months. 

Cyclical Periodicity of Vegetative and Reproductive Growth. —The ex¬ 
amples of seasonal periodicity which have already been described in\oHc 
principally variations in growth rates. Growth periodicity is expressed 
not only in terms of seasonal variations in the quantitative aspects of 
growth, but also in the development of certain organs at one stage in the 
life cycle and other organs at another stage. The most prominent peri¬ 
odicity in the qualitative aspects of plant growth is the cyclical develop¬ 
ment of vegetative and reproductive organs which is exhibited by most 
species of plants. 

The seasonal periodicity of all annual species is similar and involves 
in sequence: (1) seed germination, (2) vegetative development, (3) flow¬ 
ering and fruiting, usually accompanied, at least during the later stages, 
by slowly diminishing vegetative growth, (4) senescence, and (5) death 
of all organs except the seeds. All such species are perennial only by their 

seeds. 

The seasonal periodicity of annual species is by no means immutable, 
however, but can be altered in various ways. Removal of flowers or fruits 
or both often leads to an acceleration or renewal of vegetative growth 
(Chap. XXXIII). Similarly a change in the length of the photoperiod at 
the onset of senescence often causes a rejuvenation of vegetative growth. 

The cyclical development of vegetative and reproductive organs is 
similar in all biennial species. Plants of this type develop only vegeta- 
tively during their first growing season, forming underground organs 
which live over winter. In many biennials the leaves are cold resistant 
and survive the colder months of the year without injury. During their 
second growing season vegetative development is often renewed, but be¬ 
fore long is largely or entirely superseded by reproductive growth. Death 
of the plant follows closely after the formation of seeds and fruits. As 
with annuals the usual life cycle of biennials can be modified by various 
circumstances. For example, many biennials become annuals when grow¬ 
ing in warmer or longcr-season climates than those in which they normally 

behave as biennials. . 

A greater diversity of cyclical patterns of reproductive and vegetative 

development is found in perennial species than in those which live for 
only one or two growing seasons. The following discussion refers pri¬ 
marily to plants of temperate regions. In many woody perennials flowers 
develop in the spring before vegetative growth is resumed or concurrently 
with the early stages in the development of the new leaf-bearing shoots. 
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Examples of species which exhibit this type of periodicity include many 
fruit trees (peach, cherry, apple, etc.) and many forest tree species (elms, 
maples, oaks, chestnut, cottonwood, etc.). In some woody species such as 
the mulberry, in which flowers develop from axillary meristems on the 
current season’s shoot, blooming occurs at the height of the season of vege¬ 
tative growth. Flowers do not develop on many woody perennials until 
after the season’s vegetative growth is nearly or entirely completed. This 
is true of many species which bear terminal inflorescences at the end of 
the current season’s shoots such as lilac, buckeye, and horse chestnut. 

As in woody species, development of flowers in herbaceous perennials 
may take place before vegetative growth occurs during the same growing 
season, concurrently with the development of stems and leaves, or only 
toward the end of a period of vegetative development. The first of these 
types of growth periodicity, which is the least common, is found in certain 
spring blooming species. The second is also characteristic of many spring 
blooming herbaceous plants but is by no means confined to such species. 
The third type of growth periodicity is especially common among sum¬ 
mer and fall blooming species and is characteristic of all species which 
produce terminal inflorescences on foliage-bearing stems. 

Abscission.—Leaf-fall, particularly as it occurs from the stems of decid¬ 
uous trees and shrubs in the autumn, is a distinctive phenomenon of 
periodic occurrence in plants. The abscission of leaves occurs at their 
point of attachment to the stem. The phenomenon of leaf abscission is 
especially characteristic of woody dicotyledons but also occurs in some 
herbaceous species such as coleus, begonia, and fuchsia. In most herba¬ 
ceous species, however, the leaves are retained even after they die, and 
only disappear by decay or by mechanical disruption from the plant. In 
many herbaceous species most or all of the leaves are retained until after 

the death of the entire shoot svstem. 

* 

The abscission of leaves is associated with the so-called “abscission 
layer.” The abscission layer is made up of one or more layers of cells that 
undergo transverse division in a zone extending across the petiole near 
its base (Fig. 174). This zone of cells is often formed in the petiole before 
the leaf has reached its full size. The name “abscission layer” (absciss 
layer, abscission zone) has been applied to this region of the petiole be¬ 
cause the separation of the cells of the petiole at the time of leaf-fall 
occurs between the cells of this zone. Separation of the cells of the 
abscission layer results from the dissolution of the middle lamella and 
sometimes also the cellulose wall of these parenchymatous cells. After 
separation of the cells of the abscission layer the petiole remains attached 
only by the vascular elements. These soon snap off under the pull of 
gravity or the pressure of the wind, and the leaf falls from the plant. The 
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fractured elements of the vascular bundle usually become plugged with 
gums or tyloses. 

Although the mechanism of abscission has never been clearly under¬ 
stood, it has been widely assumed that the abscission layer had a role of 
importance in the phenomenon of leaf-fall. There are at least three lines 
of evidence, however, which cast some doubt upon the validity of this 
assumption (Gawadi and Avery, 1950): (1) abscission occurs readily in 
species where no abscission layer 
is present; (2) abscission may not 
occur in species where abscission 
layers are present; (3) leaves of 
species in which an abscission 
layer usually develops can be in¬ 
duced to abscise before the abscis¬ 
sion layer is formed. It is possible 
that the abscission layer may be 
of greater importance in the for¬ 
mation of the cork layer which 
covers the leaf scar after leaf-fall 
than in bringing about abscission 
itself. Whatever may be the role 
of the abscission layer it is, when 
present, invariably the site of the 
separation of the leaf from the 
stem at the time of leaf-fail. 

In species in which abscission 
occurs it may be brought about 
by altering the environmental 
conditions under which the plant 
is growing. Abscission of leaves, 
for example, is known to result 
from: (1) a water deficit in the 
plant usually developed as a re¬ 
sult of drought conditions, (2) 

low temperatures, (3) reduced light intensity, and (4) change in the 
length of the photoperiod. Abscission also may be induced by destroying 
or removing all or most of the leaf blade, by dusting the leaves with 
ammonium thiocyanide, or exposing the leaves to certain gases such as 
ethylene or the vapors of ethylene chlorhydnn or carbon tctrachlorn c. 

The abscission of leaves can be delayed or inhibited by the application 
of certain growth regulators to the leaf blade or to the surface of a de- 
bladed petiole (LaRue, 1935; Myers, 1940; Gardner and Cooper, 1943, 



cells of the 
abscission layer 


Fig. 174. Abscission layer at the base 
of the petiole of a leaf of coleus (Coletis 
blumei) as shown in vertical section. 
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Gawadi and Avery, 1950). Naphthaleneacetic acid and indoleacetic acid 
are among the more effective growth regulators in checking abscission. 
When applied before the development of the abscission layer the growth 
regulators delay or inhibit its formation. The effectiveness of growth 
regulators in checking abscission suggests that leaf-fall is another of the 
many physiological processes controlled by hormones. It is quite possible 
that abscission of leaves is retarded by the migration of a hormone from 
the blade to the base of the petiole. Destruction or removal of the blade 
eliminates the supply of this substance to the abscission zone and hence 

induces leaf-fail. . 

Leaves, however, are not the only organs or parts of plants which a 
seise. In compound leaves the individual leaflets usually drop off one by 
one, leaving the petioles attached to the otherwise defoliated plant. Usu¬ 
ally abscission of the petioles follows within a relatively short time. Simi¬ 
larly bud scales, inflorescences, petals, and fruits may be detached from 
the parent plant by abscission. Segments of the woody stems of some 
species also abscise. In many species of woody plants (examples are elm, 
cherry, birch, linden) abscission of the leafy stem tips occurs at the ter¬ 
mination of the spring growing period. In such species elongation of the 
stem continues the next season from the lateral bud just below the point 
of abscission, such lateral buds functioning essentially as terminal buds. 
Many species of conifers bear their needle-like leaves in fascicles, each 
fascicle being attached to a dwarf branch. In the pines and other such 
species leaves are shed in bundles by the abscission of the dwarf branches 
rather than by detachment of the individual needles. In certain other 
woody species (oaks, cottonwood) segments of woody stems of consider¬ 
able age and diameter are often shed by abscission. In bald cypress and 
coast redwood individual leaves do not fall from the tree, but branches 
bearing numerous leaves abscise. 

The phenomenon of the abscission of fruits presents certain practical 
problems to the horticulturist. If apple fruits, for example, drop from the 
tree before they can be picked, their quality is greatly impaired. The fact 
that the application of certain auxins and auxin-like compounds to leaves 
delays their abscission suggested that they would have a similar effect on 
fruits. Gardner et al. (1940) showed that spraying of apples just before 
harvest appreciably delayed the natural fall of the fruits. Naphthalene- 
acetic acid and naphthalene acetamide are two growth regulators that 
have proved especially effective when used for this purpose. Postpone¬ 
ment of fruit abscission as a result of such treatments is commonly a 
week and sometimes longer. The length of time for which abscission is 
delayed differs considerably with the variety of apple and with the pre¬ 
vailing environmental conditions. Postponement of fruit-fall allows a 
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longer period for picking and often permits the fruits to ripen to a higher 
quality on the tree before picking. It is possible that similar treatments 
may also prove feasible in delaying abscission of other horticultural fruits. 
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The wide variety of movements which occur in the organs of the higher 
plants usually escape notice because of the slowness with which they take 
place. By employing the technique of motion picture photography, how¬ 
ever. it is possible to demonstrate the movements of plant organs in a 
spectacular manner. If a growing plant is photographed at regular and 
frequent intervals for a period of several weeks with a motion picture 
camera and the resulting film run through a projecting machine, all the 
movements which occurred during several weeks of growth take place 
within a period of a few minutes. In this way the vigor and reality of the 
autonomous movements of leaves and stems can he demonstrated in a 
striking manner. The large leaves of tobacco plants, for example, appear 
to rise and fall almost like the wings of a bird in flight. Likewise the stem 
tip if* seen to participate in more or le*s regular spiral movements, and the 
several types of movements associated with the expansion of young leaves 
arc vividly portrayed The movements that occur during the opening of 
fiow.T and lea! buds ran also be demonstrated by this technique. Anyone 
who has s*-en such pictures cannot fail to be impressed with the many 
kinds of movements which occur in the aerial organs of plants and with 
the magnitude of such movements. 

Classification of Plant Movements.—Most of tin- movements exhibited 
h\ tin organs of the higher plants may be classified as: (1 i growth niove- 

i2» turgor movements, and 13 1 hvdration movements. 

• 

1 (ira’ifii Mo)-cmerits —Growth movements are changes in the position 
o! organs resulting from an enlargement of cells, or from an increase in 
M i- nurnhi r ni cells, or both. Curvatures or other changes in position re- 
V|1 ' Mom growth movements when the increase in size or number of cells 
*" uniform at all points in the region undergoing growth. Growth 
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movements are usually divided into three sub-groups: (It tropic (or 
tropistic) movements, (21 nastic movements, and (3) nutations. 

Tropic movements are those which occur under the influence of envi¬ 
ronmental factors that act with a greater intensity from one direction 
than from another. The direction of the curvatures resulting from such 
movements often bears a relation to the direction from which the initiat¬ 
ing factor acts with greatest intensity. The curvatures of growing stems 
and roots induced by differences in the intensity or quality of incident 
light (phototropic curvatures) and those resulting under the influence ol 
gravity (geotropic curvatures) are the most familiar tropic movements. 
Similarly changes in the position of organs which are evoked by differ¬ 
ences in the water content of the soil, by physical contact, and by specific 


chemical compounds are known as hydrotropic , thigmotropir , and chemo- 
tropic movements, respectively. The movement is considered to be positive 
when the organ bends toward the direction from which the factor is acting 


and negative when it is in the opposite direction. 

Nastic movements are those that occur in plant organs when the initiat¬ 
ing factor affects all parts of the growing organ uniformly, or when the 
initiating factor, although acting entirely or principally from one direc¬ 
tion, evokes a reaction which occurs in the same manner and in the same 
direction regardless of the direction from which the factor acts. 1 he 
growth movements of very young leaves, bud scales, and flower petals are 
examples of nastic movements. At first the morphologically lower side of 
these structures grows more rapidly than the upper side so that they arc 
bent upward and enclose the stem tip. This more rapid growth of the 
lower side is known as hyponasty (hypo = lower). The opening of the 
bud is brought about by a more rapid growth of the morphologically 
upper side of these structures, a phenomenon known as e pi nasty (cpi — 


upper). 

Although the main stem of most herbaceous plants appears to grow 
straight upward careful measurements demonstrate that the stem tip 
actually traces an irregular spiral pathway in space as it elongates. This 
approximately spiral movement of growing stem tips is known as nuta¬ 
tion Nutation results from unequal rates of growth in different vertical 
segments around the stem axis and often seems to occur independently 
of environmental factors. The term “nutation” is sometimes used to in¬ 
clude all movements which result from unequal rates of growth. In this 
book, however, the term will be used only in the more limited sense just 


81 2. Turgor Movements .—Movements of plant organs caused by revers¬ 
ible changes in cell volume are known as turgor movements Many of 
these movements are initiated in compact groups of relatively large, thin- 
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walled cells that constitute the so-called “motor organs” or pulvini, but 
they may also occur in any tissue that is largely composed of living, 
thin-walled cells. Examples of turgor movements associated with pulvini 
are the spectacular reactions of the sensitive plant ( Mimosa pudica) to 
slight shocks or other “stimuli,” and the so-called “sleep” movements of 
the leaves and leaflets of many other legumes. The opening and closing 
of stomates and the movements of leaves caused by wilting and recovery 
illustrate turgor movements that are not associated with pulvini. 

3. Hydration Movements. —Movements may occur in nonliving plant 
tissues or organs as a result of the hydration or dehydration of the cell 
walls. These movements are illustrated by the splitting of pods, the open¬ 
ing of capsules, and the rapid movements of mature fern sporangia. Move¬ 
ments of these kinds are not caused by the physiological activities of 
living cells and will not be considered further in this discussion. 

Phototropism. —Phototropic curvatures are familiar to all close observers 
of plants. They are particularly conspicuous in plants growing in situa¬ 
tions in which they are exposed to unequal illumination on opposite sides. 
Under such circumstances the growing stems usually bend toward the 
direction of the more intense light and the leaves also become definitely 
oriented with relation to the light source, regardless of the position of 
their attachment to the stem. When vines such as the English ivy (Hedera 
helix) are growing on a wall so that light strikes the plants mainly from 
one direction, the leaf blades occupy practically the entire exposed sur¬ 
face with a minimum of overlapping. The leaf blades appear to fit to¬ 
gether so exactly that the resulting patterns are known as “leaf mosaics.” 
Similar, although less accurately formed, “leaf mosaics” are present in 
most plants bearing large numbers of leaves. Anyone standing beneath a 
large maple or oak tree, for example, cannot fail to be impressed by the 
completeness with which the sky is obscured by the leaf pattern. The 
leaves of some herbaceous plants ( Lactuca, Silphium , etc.) are often so 
oriented that the blade surfaces face the east and west and only the edge 
of the blade receives the full intensity of the midday sun. This orientation 
is so conspicuous that these plants are commonly known as “compass 
plants.” The leaf blades of the turkey oak ( Quercus catesbei) also have 
a characteristic vertical orientation under conditions of intense sunlight. 

Still another kind of phototropic movement occurs in some species (ex¬ 
ample: Malva neglecta) in which the surface of the blade is continuously 
oriented at right angles to the incident radiation of the sun. Such leaves 
follow the sun during the day, facing east in the morning and west in the 
afternoon in, 1938). Similar movements, although caused by a differ¬ 
ent mechanism, occur during the development of the flower heads of some 
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composites. The sunflower, for example, owes its name to the fart that 
the young flower head is oriented approximately at right angles to the 

sun’s rays throughout the day. 

The growth habits of some species of plants apparently arc determined 
by their phototropic reaction. A number of species, including Bermuda 
and some other grasses, which are prostrate under usual field conditions 
of high light intensity, grow.upright in light of low intensity. Midi 
species are apparently negatively phototropic at high light intensities and 
positively phototropic at low light intensities (Langham, 1941). 

. Although many vines have numerous aerial roots, in general the root 
systems of the higher plants grow in total darkness. Nevertheless when 
exposed to unilateral illumination, many, but by no means all, roots ex¬ 
hibit phototropic curvatures. The usual reaction is negative, i.e., the root 
tip bends away from the direction of the incident light. Positive pho o- 

tropic curvatures of roots are known hut they are rare. ... 

The movements which bring the leaves and stems into the oriented posi- 

tions just described are caused either by differences in the growth rates 
on the illuminated and shaded portions of stems and petioles or by varia¬ 
tions in the turgor of cells in specific tissues. Most of the phototropic 
movements result from differences in growth rates. Turgor changes in 
cells of the petiole, however, arc known to account for the movements c 
those leaves which follow the path of the sun during the day. Although 
the “sleep movements” of many leaves and leaflets also are cause v 
turgor changes, these are photonastic (see later) rather than phototrnmc 


m °Mo™ e of* our knowledge of the mechanism of phototropic movements 
has been derived from a study of the behavior of the eokopti e of the oat 
plant (Avena saliva ) when subjected to one-sided illumination. Became 
of its reactivity, its structural simplicity, its uniformity of behavior unde, 
similar conditions, and its general suitability for such work ' 

ture has been widely used in experimental s ud.es of pl.otot op,, m, g 
tropism, and some other tropic movements (Chap. A.W I II. 

It has been known since the time of Darwin that curvature of a eolc- 
optile will occur if only the extreme tip of the colcoptilc ,s exposed to 
unilateral illumination. The region in which the cell onUirgemen respon¬ 
sible for this curvature occurs, however, is some distance bclo« 
ir , v YYVTTT) If the tip of the eolcoptile is shaded by means of a 

in foil ea^ a » entire colcoptilc is illuminated unilaterally. little or 
no curvature "results. Likewise, detipped coleoptilcs react feel, y to one¬ 
sided illumination, but if eolcoptile tips which have been subjected to 
one-sided illumination are placed upon unillum.nated eolcoptile stumps, 
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marked phototropic curvature of the stump results. Experiments like 
these indicate clearly that the tip of the coleoptile profoundly influences 
the enlargement phase of growth in cells below the tip of the coleoptile. 

The positive phototropic curvature of oat coleoptiles is caused prin¬ 
cipally by greater elongation of the cells on the shaded side of the cole¬ 
optile than of the cells on the illuminated side. Since cell elongation is 
known to be influenced by the quantity of auxin present, it is logical to 
seek an explanation of such phototropic reactions by studying the effect 
of light upon the distribution of auxin in the coleoptiles. Extensive in¬ 
vestigations have shown that, in oat coleoptiles at least, unilateral expo- • 

sure to light increases the quantity of the auxin 
reaching the shaded side of the coleoptile from 
the tip and decreases the quantity on the illumi¬ 
nated side. The phototropic curvature of oat 
coleoptiles and presumably of many other plant 
structures apparently results from the presence 
of unequal quantities of auxin on the two sides 
of the coleoptile. 

The unequal distribution of auxin on the illu¬ 
minated and shaded sides of coleoptiles could 
arise in several different ways (Galston and 
Hand, 1949). It is possible, for example, that the 
auxin on the illuminated side is inactivated more 
or less completely by the incident radiation 
while that on the shaded side remains active. A 
second possibility is that auxin migrates from 
the illuminated to the shaded side when the 
coleoptile is exposed to light from one direction. 
Another possibility is that the synthesis of auxin 
from its precursor in the coleoptile tip is checked 
by exposure to light resulting in the synthesis of 
larger amounts of auxin in the shaded sides than in the illuminated por¬ 
tion. No one of these possibilities can account satisfactorily for all light- 
induced growth movements. It seems probable, however, that the unequal 
distribution of auxin in oat coleoptiles is caused mainly by the migration 
of auxin from the illuminated side of the coleoptile tip to the shaded side. 

Some of the evidence upon which this conclusion is based will be reviewed 
briefly. 

Went (1928) removed the tip of a coleoptile that had been exposed 
unilaterally to light of suitable intensity and placed it upon two small 
blocks of agar, separated from each other by a thin metal plate, in such 
a way that the auxin from the shaded and illuminated sides diffused into 


A 


c 

Fro. 175. Diagram to 
show method of demon¬ 
strating results of uni¬ 
lateral illumination 
upon auxin distribution 
in coleoptile tips. (4) 
Coleoptile tip, (B) and 
(C) agar blocks, (Z)) 
metal plate. Horizontal 
arrows indicate direc¬ 
tion of illumination. 
Auxin is displaced to¬ 
ward side of coleoptile 
away from light. 
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different agar blocks (Fig. 175). The blocks were then tested for auxin 
content by the oat coleoptile technique. The resulting curvatures indi¬ 
cated that more auxin diffused out of the shaded half of the coleoptile tip 
than out of the illuminated half. Furthermore, the quantity of auxin from 
the shaded half was appreciably more than the amount from half of an 
unilluminated tip. Went concluded, therefore, that one-sided exposure to 
light had caused some of the auxin to migrate from the illuminated to the 
shaded side of the coleoptile. 

Boysen-Jensen (1928) came to a similar conclusion from a different 
kind of an experiment. The tip of a coleoptile was split longitudinally, 
a thin glass plate was inserted between the split halves, and the cole¬ 
optile was exposed to unilateral illumination of suitable intensity. When 
the glass plate was parallel to the light beam, normal phototropic curva¬ 
tures occurred, but ■when the glass plate was at right angles to the direc¬ 
tion of the light very little curvature resulted. When at right angles to the 
light beam, the glass plate apparently prevented the lateral migration of 
auxin from the lighted to the shaded side of the coleoptile so that the 
quantity of auxin was approximately the same on both sides. When the 
glass plate was parallel to the light beam, however, movement of auxin 
from the lighted side was not prevented. This experiment also indicates 
that under conditions of one-sided illumination, auxin, or its precursor, 
migrates from the illuminated to the shaded side of the oat coleoptile and 
that positive phototropic curvature is correlated with the greater auxin 
content of the cells on the darker side of the coleoptile. 

Although the evidence supporting the hypothesis that auxin moves from 
the illuminated to the shaded side of the coleoptile when it is exposed to 
unilateral illumination is impressive, it has not been shown to he the only 
mechanism involved. It is probable that light-induced destruction of auxin 
also occurs. Riboflavin, which is abundant in the coleoptile, is known to 
bring about the photo-oxidation of auxin (Galston and Baker, 1949). The 
wave lengths of light absorbed by riboflavin are the same as the wave 
lengths most effective in producing curvature of the coleoptile, a fact 
which further supports the assumption that photo-inactivation of auxin 
is a factor in producing phototropic response in this structure. 

All wave lengths of the visible spectrum are not equally effective in 
inducing phototropic curvatures. The shorter wave lengths are most effec¬ 
tive, and the longer wave lengths at the red end of the spectrum evoke 
practically no phototropic reaction in etiolated oat coleoptiles or seedlings 
(Fig. 176). Light cannot bring about phototropic curvatures unless ab¬ 
sorbed by the tissues. The effectiveness of the shorter wave lengths sug¬ 
gests the presence of some pigment in the sensitive tissues which a >sor s 
these wave lengths and not others. The absorption spectrum of p carotene 
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(Fig. 91) corresponds very closely to the action spectrum of phototropic 
curvature in etiolated coleoptiles and seedlings. This correlation suggests 
that 3 carotene is responsible for the absorption of the light waves which 
are effective in inducing phototropic curvatures. It is also possible, how¬ 
ever, that riboflavin, the absorption spectrum of which closely approaches 
that of h carotene, may be the sensitizing pigment (Galston and Baker, 
1949). 

In the early years of the present century Blaauw demonstrated that a 
certain minimum quantity of light was essential for a perceptible photo¬ 
tropic curvature of an oat coleoptile. Since quantity is a product of in¬ 
tensity and duration, low intensities are effective only upon long exposures 
but, with high intensities, extremely short exposures are sufficient. With a 



Fu;. 176. Relation between wave length of light and phototropic curvature of 

oat coleoptiles. Data of Johnston (1934). 

light intensity of only 0.00017 meter-candles, an exposure of 43 hr. was 
required to induce phototropic curvature; but, with a light intensity of 
26.520 meter-candles, an exposure yf only 0.001 sec. resulted in photo¬ 
tropic curvature. 

The minimum quantity of light required for phototropic movement, the 
so-called threshold value,” varies greatly with the portion of the cole¬ 
optile tip that is illuminated. The terminal 0.2 mm. of the coleoptile, for 
example, is nearly 6000 times as sensitive to illumination as a zone only 
3 mm. below the tip (Lange, 1927). 

Expei imental results of a number of investigators have shown that the 
degree of phototropic curvature is controlled by the quantity of unilateral 
light. The curvature is not directly proportional to the amount of light 
but varies periodically as the quantity of light is increased (Fig. 177). 
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As the data in Fig. 177 indicate, once the threshold value is passed the 
coleoptiles curve toward the source of light and over a certain relatively 
low range of light intensities the degree of their curvature is proportional 
to the quantity of illumination. With further increase in the quantity of 
light, however, this relationship changes and the degree of phototropic 
curvature decreases until negative 
curvatures arc evoked. Still 
greater quantities of light induce 
a second series of positive curva¬ 
tures. On increasing the quantity 
of light still more the coleoptiles 
react with decreasing curvatures 
until a point is reached at which 
the light induces no visible end- 
reaction. Further increases in light 
quantity beyond this point evoke 
a third set of positive curvatures. 

A correlation exists between 
these variations in the magnitude 
of phototropic curvatures and the 
quantity of auxin diffusing from the illuminated and shaded sides of 

coleoptile tips (Table 49). 

Auxin concentration is not the only factor involved in phototropic 
movements. The quantity of this hormone can only control the extent of 
cell elongation when it acts as a limiting factor. We have seen (Chap. 
XXVIII) that auxins arc produced in the coleoptile tip and move basi- 
petally into other parts of the structure. It is not probable, therefore, that 



Fig. 177 . Relation between phototropic 
curvature and quantity of light received 
unilaterally. Data of duBuy and Nuern- 

bergk (1934). 


TABLE 49 —THE RELATION BETWEEN THE AUXIN CONTENT OF COLEOPTILE TIPS SUBJECTED TO 
UNILATERAL ILLUMINATION OF DIFFERENT INTENSITIES AND THE DECREES OF PHOTO¬ 
TROPIC CURVATURES (FROM DATA COMPILED BY WENT AND THIMANN, I937) 


Amount of light, 
meter candle 
seconds 

Type of curvature 

Extent of 
curvature 

Auxin dist 
per 

Lighted side 

ribution in 
cent 

Shaded side 

O 

Control 

o° 

49 9 

50. 1 

20 

First positive 

+ (io°) 

41 

59 

IOO 

First positive 

++ 

26 

74 

<00 

First positive 

+ + 

3 6 

64 

I f OOO 

Firet positive 

++(48°) 

3 * 

68 

10,000 

Indifferent 

About o° 

49 

5 * 

w 

? 

First negative 


58 

42 
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curvatures of the upper portions of the coleoptile result from differences 
in auxin content since the hormones are present in excess in these regions. 
Photographic measurements have shown that, in the upper zone of the 
coleoptile, curvatures are not caused by increases in the rate of elongation 
of cells on the shaded side but by a decrease in the amount of cell elonga¬ 
tion on the illuminated side. Likewise uniformly illuminated coleoptiles 
grow more slowly than coleoptiles kept in the dark. Numerous other ex¬ 
periments also indicate that light has a direct effect upon growth inde¬ 
pendent of its influence upon the auxin distributing mechanism of the 
plant (Van Overbeek, 1936a, 1936b). 

The relative importance of this “light-growth” reaction in phototropic 
movements is somewhat uncertain. It seems clear that phototropic curva¬ 
tures are not simple light-growth reactions as was widely believed at one 
time, for it has been demonstrated that the light-growth effect is inade¬ 
quate to account for the differences in growth rates that are responsible 
for most phototropic curvatures. The effect of unilateral illumination upon 
the distribution or the inactivation of auxin appears to be the primary 
cause of phototropic curvatures and the direct influence of light upon the 
growth of cells seems to be of secondary importance, 

Geotropism.—If a potted plant be placed in a horizontal position for a 
few days, the stems no longer lie prostrate but begin to turn upward away 
from the direction of gravitational attraction. This change in position first 
appears in the region of elongation just back of the stem tip and with time 
may extend backward toward the older portions of the stem. If the 
primary root tips of the plant are examined they will also be found to have 



!ig. 178. Diagram illustrating geotropic curvature of root and kypocotyl of a 
mustard plant. (4) Plant just after having been placed horizontally, (B) same 

plant one day later. 

altered their position, but in exactly the opposite direction, by growing 

downward toward the center of the earth. The behavior of roots can be 

more easily observed in germinating seeds and as in stems the change in 

position first appears in the region of elongation just back of the root 
tip (Fig. 178). 

Il horizontally placed potted plants are rotated slowly around the stem 
a - s an ax is, so that every vertical segment of the stem becomes successively 
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the upper and then the lower side, no geotropic curvatures appear. Xo seg¬ 
ment of the stem or root remains long enough in any one position tor 
growth curvatures to occur. Similarly the roots fail to curve when germi¬ 
nating seeds are fastened to the rim of a wheel which is rotated rapidly 
in a horizontal plane. Growth is more strongly influenced hy the centrif¬ 
ugal force generated by the rapid rotation than hy the force of gravity. 
The roots react positively and grow toward the direction of the lorcc (i.e., 
outward) while the stems grow away from the direction of the force 
(ie inward toward the hub of the wheel). If the rotation of the wheel is 
stopped or slowed down to, a point where the centrifugal force is less than 
the pull of gravity, the usual geotropic curvatures of both root and *tem 

soon appear. 

Decapitated primary roots usually fail to exhibit geotropic curvatures 
when placed in a horizontal position even though the amputation of the 
root tip does not prevent the enlargement of cells below the tip. If to . 
from vertically oriented roots are placed upon such decapitated 1,°rizi.ir a 
roots, positive geotropic curvatures appear. Such experiments indicate that 
the tip of the root exerts a predominating influence upon its geotioi 
movements, a relation comparable to that of the coleopt.le tip in photo- 

tropic reactions of the colcoptile. 

In stems, however, geotropic reactions are not prevented by amputation 
of the stem tip. In general, the stem tip is more “sensitive to the fcuce 
of gravity than zones at some distance below the tip, but this senMtn i . 
to gravity is usually present throughout the growing region. In many 
grasses geotropic reactions occur in mature nodes independently of the 

stem tip ( cf . later discussion of sugar cane). 

The quantitative measurements of auxins made possible >. ' 

coleoptile technique have been utilized successfully in studying the lole 
of auxins in geotropic curvatures. Colcoptilcs which arc slow > '° 
around their own vertical axis while ... a horizontal position do not .hflD 
from vertically oriented colcoptilcs in their rate of growth 1 ip> of 
horizontally placed colcoptilcs produce the same amount of auxin a» x«i- 
tically oriented tips. The negative (upward) curvatures of the coleoptile. 
induced by gravity are not the result, therefore, of any total merea.e m 
the amount of honnones formed on the lower side of the coleoptile tip 
When the amount of auxin diffusing out of the upper and lower hahes of 
horizontally placed coleoptile tips is determined by the agar block nntlio 
it i" found tlmt more than half of the auxin diffuses out of the lower ha f 
of the tip (Navez and Robinson, 1932). Apparently, gravity, like light, 
influences the distribution of the auxin in the coleoptile. and the upward 
curvatures obtained as a consequence of the force of gravity result fro 
the greater concentrations of the hormone on the lower side of a horizon 
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tally placed coleoptile. Unlike the effect of light, however, the influence of 
gravity upon the distribution of the auxin within the coleoptile does not 
persist for very long after the organ has been returned to its original posi¬ 
tion. The effect of gravity upon curvature is lost within 40 min. after the 
removal of the “stimulus” but the effect of light upon the distribution of 
auxin in the cells of the coleoptile may persist as long as 6 hr. after re¬ 
moval of the light. 

The same concentrations of auxin which favor the elongation of stems • 
and coleoptiles retard the elongation of roots (Chap. XXVIII). This fact 
suggests that the positive (downward) geotropic reaction of root tips may 
be caused by the same mechanism which invokes the negative (upward) 
curvature of stems or coleoptiles. A greater concentration of auxin in the 
lower half of horizontally placed roots would check elongation rather than 
increase it, and the growth of the upper side-of the root would exceed that 
of the lower, resulting in its downward curvature. Experimental tests have 
confirmed this explanation. The lower halves of tips of horizontal roots 
have been found to contain higher concentrations of auxins than the' 
upper halves (Hawker, 1932). Since the growth rate of primary roots 
which are slowly rotated about their own axis in a horizontal plane does 
not exceed that of vertical roots (i.e., auxin concentrations are equal in the 
root tips in both positions), the greater quantity of auxin in the lower 
half of the tips of horizontal primary roots indicates that the auxin mi¬ 
grates to this region under the action of gravity. The downward curvature 
of root tips is therefore found to be correlated with the auxin concentra¬ 
tion. 

The role of auxins in the geotropism of stems has also been demon¬ 
strated in quite a different manner. Sugar-cane stems fail to exhibit the 
usual geotropic curvatures if they have been immersed in water at 52°C. 
for about 20 min. The warm water treatment reduced concentration of 
free auxin in the stem by about 50 per cent (Brandes and Van Overbeek, 
1948). If, however, the lower half of a horizontal sugar-cane stem is 
soaked in a very dilute solution of indoleacetic acid following the warm- 
water treatment the usual geotropic curvature occurs. The geotropic cur¬ 
vatures of sugar-cane stems occur at the nodes and result both from an 
increase in the size of cells and from the formation of new cells on the 
lower side of the stem (Brandes and McGuire, 1951). These processes are 
checked by treatments which reduce the auxin content of the stem ap¬ 
preciably in this region and are restored, at least in part, by supplying 
the lower half of the stem artificially with indoleacetic acid. It seems 
probable, therefore, that the geotropic curvatures of sugar-cane stems, 
like those of oat coleoptiles and root tips, result from the accumulation 
of auxin on the lower side of the organ in which the reaction occurs. 
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The unequal distribution of auxin in horizontal stems may have con¬ 
sequences quite apart from growth curvatures. In certain varieties oi 
pineapple plants, for example, stems placed in a horizontal position de¬ 
velop flowers, whereas stems kept in a vertical position remain vegetative 
(Van Overbeek and Cruzado, 1948). The initiation of flowering was found 
to result from the accumulation of auxin on the lower side of the hori¬ 
zontal stem tip. In pineapple plants flower formation can be induced 
artificially by the application of growth regulators (Chap. XXXII). W hen 
plants are uprooted and placed in a horizontal position enough auxin mi¬ 
grates to the lower portion of the stem tip under the force of gravity to 
initiate the development of an inflorescence. In vertical stems the auxin 
concentration fails to reach the threshold value essential for flower in¬ 
duction until a much later period in the plant’s development. 

Thigmotropism. —The growth movements made by plants as a conse¬ 
quence of contact with solid objects are known as thigmotropic reactions. 
These movements are best illustrated in the growth of tendrils, although 
they are also exhibited by petioles, stems and other organs of some plants. 
Tendrils are slender cylindrical organs that structurally represent modi¬ 
fied stems, leaves, or leaflets. Some common tendril-bearing species of 
plants are the grape vine, greenbriers (Smilax), sweet pea, and cucumber. 
As a result of unequal rates of growth the tips of young tendrils exhibit 
the phenomenon of nutation (see later) and make slow circular .move¬ 
ments in space during their elongation. As soon as a tendril comes in con¬ 
tact with a solid object, rapid growth reactions are initiated. The cells on 
the side that makes contact with the solid object shorten somewhat and 
the cells on the opposite side quickly elongate with the result that the 
tendril is bent around the support. This movement usually occurs within 
a few minutes, and in the tendrils of some species may take place in less 
than a minute. The speed of the reaction is such as to suggest turgor 
changes in the cells rather than growth. However, since the resulting 
changes in cell size are irreversible the movement is classed as a tropism 
Once the tendril becomes attached to some object further growth in length 
ceases. As a result of inequalities in growth in the basal region the tendril 
becomes spirally coiled so that it resembles a coil spring. Secondary wall 
formation then follows, transforming the delicate thin-walled tendril into 

a firm supporting organ. 

A young tendril reacts readily to contacts with very light, solids pro¬ 
vided the solid surface is not perfectly smooth and that contact with the 
tendril is made at more than one place. No growth movements occur in 
tendrils as a result of contacts with liquids or perfectly smooth solids. If 
a very light thread weighing a small fraction of a milligram be moved 
along the surface of the tendril, curvature will result, but drops of mercury 



748 


PLANT MOVEMENTS 


many thousand times heavier or raindrops bring about no reaction. The 
mechanism of thigmotropic movements cannot be satisfactorily explained 
at the present time. 

Hydrotropism.—The roots of plants do not grow into soils in which the 
water content is at or below the permanent wilting percentage but usually 
do grow into soils of higher water content. When the soil in small pots con¬ 
taining growing plants is watered by*means of porous clay irrigators the 
roots of plants are often matted heavily around the surface of the irri¬ 
gators and are more sparsely distributed in the surrounding soil (Hen¬ 
drickson and Veihmever, 1931). Such observations have often been cited 
as examples of positive hydrotropism in roots. 

The work of Loomis and Ewan (1936) suggests, however, that curva¬ 
tures of growing root tips toward regions of higher water content are not 
as common as was once supposed. These investigators filled shallow boxes 
half full of moist soil, placed the seeds to be observed upon the surface of 
the moist soil, and then filled the box with dry soil. The moist soil was 
near its field capacity, and the dry soil had a moisture content below the 
permanent wilting percentage (Chap. XIII). The soil was held firmly in 
position with paraffined paper and the box placed in a moist chamber in 
such a way that the boundary between the moist and dry soil made an 
angle of 45° to the vertical and so that the dry soil was on the lower side 
of this boundary. These conditions made it possible to determine the rela¬ 
tive influence of soil moisture and gravity upon the direction of root 
growth. A positive hydrotropic reaction would result in a bending of the 
primary roots toward the moist soil. Examination of the root growth of 
thousands of seedlings representing twenty-six species revealed that few 
species exhibited positive hydrotropism. In most species the roots that 
started to grow downward as a consequence of gravitational attraction 
soon ceased to grow because of insufficient water. Roots that happened to 
develop in the moist soil grew normally. Positive hydrotropism was found 
to be present in a few species of the Cucurbitaceae and Leguminosae, be¬ 
cause the roots of seedlings of these species curved away from the dry 
soil toward the moist soil and grew along the boundary between the moist 
and dry soil. The experiments demonstrate that hvdrotropic curvatures do 
occur in the soil-grown roots of some species but also indicate that such 
curvatures are probably not. a common phenomenon under field conditions. 

Ilydrotropic curvatures are caused by differences in the rate of enlarge¬ 
ment ot the cells on the opposite sides of the root, but no satisfactory 
explanation of the cause of this unequal growth has been suggested. 

Traumatotropism.—Injury to the tissues of plants, especially to stems 
and roots, often results in curvatures caused by unequal growth. Such 
curvatures are examples of traumatotropic reactions. Transverse incisions 



NASTIC MOVEMENTS 


749 


in oat coleoptiles commonly result in positive curvatures, but detipped 
coleoptiles usually fail to react to injury inflicted near the upper end. 
Incisions made near the base of decapitated coleoptiles may induce posi¬ 
tive curvatures, however. From the evidence available it seems probable 
that injuries influence either the distribution of auxin in the tissue (Keeble 
and Nelson, 1935) or interfere with the transport of foods or other sub¬ 
stances into the growing regions from other parts of the plant, but no 
more detailed analysis of the mechanism of these reactions is possible in 

terms of currently available information. 

Nastic Movements. —The essential distinction between nastic and tropic 
movements has already been described. With few exceptions, nastic move¬ 
ments are evoked by environmental factors such as temperature or diffuse 
light which influence the organ with equal intensity from all directions, 
while tropic movements are induced by factors which act with greater 
intensity from one direction than others. Equal illumination of all parts 
of a plant organ, for example, may result in photonastic movement, caus¬ 
ing the organ to assume a different position in the light than in the dark. 
Phototropic movement of a plant organ occurs, however, only when the 
organ is illuminated unequally from different directions. Furthermore, 
nastic movements are chiefly restricted to organs such as leaves and petals, 
the structure of which largely or entirely prevents their movement except 


in certain directions. 

The leaves of a number of different species of plants undergo marked 
changes in position during the day and night. In some species the leaves 
droop at night and become oriented more or less horizontally during the 
day. The common jewel-weed ( Impatiens) and some other members of 
this family react in this way. The leaves of other species, notably the pig¬ 
weeds (Amaranthus), move upward into a more nearly vertical position 
at night from the approximately horizontal position occupied during t it 
day. Both of these kinds of movements arc caused by differences in the 
rate of growth on the two sides of the leaf. The downward movement of 
leaves in the dark is the result of a more rapid growth upon the upper 
than upon the lower surface of the petiole while in those species m which 
the leaves move upward in the dark the growth rate ,s more rapid upon 
the lower side of the petiole. The movements just described are growth 
movements and cease entirely when the leaf reaches its full size. 

Many of the movements of leaves and leaflets, however, are turgoi 
movements rather than growth movements. Such movements are discussed 

later in the chapter. ^ . n 

Some flowers also exhibit such photonastic movements. Oxal.s flowers, 

for instance, close at night while those or the evening primrose Oeno¬ 
thera) open during the evening and night and close early on the following 
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day as a consequence of photonastic reactions (Goldsmith and Hafen- 
richter, 1932). 

Temperature changes may likewise bring about nastic movements of 
the flower petals of some species. In Crocus flowers, for example, an in¬ 
crease in temperature induces a more rapid growth of the inner surface 
of the petals than of the outer side resulting in the partial or complete 
opening of the flower. A decrease in temperature has the opposite effect, 
increasing the growth rate on the lower side more than that of theupper 
surface. 

Nastic movements are growth movements and might, therefore, be ex¬ 
pected to have some relation to the distribution of auxins in the tissues 
affected. Zimmerman and Wilcoxon (1935) were able to produce epinasty 
in the leaves of several species of plants by the application of different 
growth promoting substances. Avery (1935) demonstrated that typical 
nastic responses can be induced by the application of small amounts of 
auxins to the base of the petiole of tobacco leaves. 

Nutation. —All growing stem tips describe an irregular spiral path in 
space as they elongate. This phenomenon, as previously mentioned, is 
known as nutation and appears to be caused, in most plants at least, by 
internal factors that affect the growth rate of vertical segments of the 
stem in the region of elongation. 

The most striking examples of nutation are found among twining plants. 
The nutation of the stem tips of such species is at least partly a conse¬ 
quence of the influence of gravity. The stem tips of twiners are usually 
long and slender and devoid of leaves. Their mechanical tissues are not 
well developed so that the tip of the stem usually droops over into a more 
or less horizontal position. More rapid growth on the lower and outermost 
sides of the stem results in the upward swinging movements of the tip. This 
growth is associated with a twisting of the stem which follows as a result 
of the unequal growth rates so that different segments of the tip become 
successively placed on the lower side of the stem. It has been pointed out 
earlier that growth substances are known to accumulate in the lower half 
of horizontally placed stem tips. It seems probable that similar accumula¬ 
tions of auxin may influence the nutational movements of the stem tips 
of twining plants. 

Turgor Movements.—In contrast to the growth movements which always 
involve a permanent increase in the size or number of cells in the tissues 
concerned, there are many movements which result from reversible 
changes in cell size. These are caused by variations, sometimes very rapid, 
of the turgor pressure in the cells concerned. Because of their dependence 
upon changes in turgor pressure, movements of this kind are known as 
turgor movements. 
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Turgor movements arc responsible for the folding or rolling of the leaves 
of many grasses during wilting, for the so-called "sleep movements that 
occur at night in the leaves of a number of species and for the sudden and 
spectacular movements that occur in the "sensitive plant (Mimosa 
pudica) under the influence of various "stimuli.” 

Many turgor movements are caused by variations in the turgor of spe¬ 
cial cells or organs. The folding and rolling movements of blue grass 
leaves, for example, result from turgor changes in large, thin-walled cells 
that are located on the upper leaf surface at the base of two grooves that 
run parallel with the principal veins (Fig. 179). When turgor is high the 
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Fig. 179. ( A) Outline drawing of 

blue grass (Poa pratensis) leaf in 
folded condition, ( B) in expanded 
condition, (C) detailed drawing of 
mid-portion of the lexif showing the 
"bulliform cells,” changes in the 
turgor of which control the folding 
and opening of the leaf. 



A 

LEAF IN ROLLED CONDITION 
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B 

LEAF IN EXPANDED CONDITION 



Fig. 180. (/I) Outline drawing of sand 

reed ( Amophila ) leaf in rolled condition, 
( B) in expanded condition, (C) detailed 
drawing of mid-portion of the leaf show¬ 
ing a few of the "bulliform cells," changes 
in the turgor of which arc responsible for 
the rolling and opening of the leaf. 
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distention of these cells holds the leaf blade expanded and relatively flat, 
but when the turgor pressure of these cells decreases the pressure of the 
cells' on the opposite side of the leaf forces the leaf blade to fold. 

In the sand reed ( Ammophila ) such cells occur at the base of a number 

of grooves in the upper surface of the leaf, and upon 
the loss of turgor of these cells the leaf rolls up (Fig. 
180). 

In some species of plants movements result from 
turgor changes in the cells of pulvini. These structures 
are found in many species of the Leguminosae. Pul¬ 
vini are commonly located at the base of the petiole 
and at the point of attachment of the leaf blade to the 
petiole. Externally they appear as short, more or less 
swollen portions of the petiole. When pulvini are pres¬ 
ent in compound leaves there is usually one at the 
point of attachment of each leaflet to the petiole as 
well as one at the base of the petiole. A pulvinus is 
composed of a compact mass of large, thin-walled cells 
which surround a central vascular strand (Fig. 181). 

When all of the cells in a pulvinus are distended by 
their turgor pressure the leaf is firmly supported. 
Movements result from sudden changes in the turgor 
of the cells in one portion of the pulvinus, while the 
turgor of cells on the opposite side is maintained or 
even increased. The unequal pressures thus arising on 
the two sides of the pulvinus cause the petiole to move 
toward the side having the reduced pressure. As the 
flaccid cells of the pulvinus regain their turgor the 
petiole is pushed slowly back into the position oc¬ 
cupied before the movement occurred. Frequently the 
loss of turgor occurs very rapidly. In the sensitive 
plant detectable turgor movements have been reported 
to occur within 0.075 sec. after “stimulation/’ and the 
reaction may be complete in little more than a second. 
Recovery of turgor commonly occurs in from 8 to 20 
min. The speed of the reaction and the time of recovery vary greatly 
with the intensity of the causal factor, the resulting movement being 
more rapid and recovery slower when the initiating factor is intense than 
when it is weak. In many species, however, pulvinal movements are too 
slow to be noticed without measurement. 

The mechanism causing the sudden changes in turgor of the cells in 
one part of the pulvinus is not clearly understood. Water moves out of 



Fig. 181. Dia¬ 
grams showing 
the distribution 
of the vascular 
tissue (shaded) in 

(A) cross section 
of a pulvinus, 

( B) the transition 
zone between a 
pulvinus and a 
petiole (longitudi¬ 
nal section), and 

(C) cross section 
of a petiole. 
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the ceils into the adjacent intercellular -paces, and >omc probably ent* :> 
other nearby cells of the petiole or stem. I hi- outward niovi merit <>' .\ at» r 
from the eells into the intercellular >pact - appears to be accompanied by 
an increase in the permeability ol their cytopla-mic membrane- and al.-o 
by a decrease in the osmotically active contents of these cell- t Blackman 
and Paine, 1918). All of these changes are reversible, since turgor may be 



Fig. 182. A sensitive plant (Mimosa pudica ). Left: leaves 
tion; right: leaves in a collapsed condition as a result of 


in expanded condi- 
tnrcor movements 


regained by the flaccid cells of the pulvinus within a short period of time. 

Turgor movements may be initiated in many different ways In the 
sensitive plant (Fig. 182). movements result from physical contact, in¬ 
jury, exposure to various gases, electrical shock, jarring, insufficient water 
supply, the change from light to darkness or vice versa, and from other 

factors as well. 

The sensitive plant also exhibits a difference in reactivity to the various 
wave lengths of light. Turgor movements result when darkened plants 
are illuminated by wave lengths of light of suitable intensity in the blue, 
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the long ultraviolet, and the long red. No movements occur from exposure 
to wave lengths in the orange, yellow green, or infrared (Burkholder and 
Pratt, 1936). 

The environmental factors initiating the movements may be received 
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Fig. 183. Venus fly-trap (Dionea muscipula). Photograph by L. A. Whitford. 
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by organs at considerable distance from the pulvinus in which the turgor 
changes causing the movement actually take place. If a terminal leaflet 
of one leaf of a large sensitive plant is burned by a flame, all of the leaves 
on the entire plant may react with vigorous turgor movements. The con¬ 
spicuous turgor movements that may easily be evoked in this plant have 
interested many students and the phenomenon has been exhaustively 
studied, especially with reference to the mechanism of “stimulus' trans¬ 
mission (Houwink, 19351. When the “stimulus” is mild (cool drops of 
water applied to the leaflets), it appears to he transmitted only through 
living cells, and the rate of transmission is controlled l>v the temperature. 
When a leaflet is injured by burning or cutting, substances appear to be 
formed at the point of injury, and the transmission of these compounds 
through the nonliving vessels of the vascular system apparently causes 
the reaction of pulvini located at some distance from the point at which 
the injury occurred. Whatever may be the mechanism by which reactions 
are induced at some distance from the point at which the initiating factor 
acted, the effect is the same: a rapid loss of turgor in the cells on one side 
of the pulvinus coupled with a maintenance or even on increase in turgor 

in the cells on the opposite side of the organ. 

Movements in Carnivorous Plants.-Some of the most rapid movements 
known to occur in plants are those associated with the mechanisms y 
which insects and other small animals are captured by certain of he 
so-called “carnivorous” plants. The two halves of the leaf blade of he 
Venus fly-trap (Dionea muscipula ), for example, spring together h,e the 
jaws of a steel trap when the trigger hairs on the leaf surface are given 
gentle pressure (Fig. 183). The whole process of closure may take p ace 
in less than 0.5 sec. so that small insects on the ea surface are often 
imprisoned between the oppressed halves of the leaf blade. The rap d 
movements of the leaf appear to result from tensions produced by de¬ 
ferences in the growth of the upper and lower surfaces of the leaf blade. 
The wayTn which these tensions are suddenly released causing the move- 

ment of the leaf blade is not known. ... c 

Even more rapid movements are known to occur in other species of 

carnivorous plants, but, because of the variety of mechanisms involved 

and the complexity of the physiological processes responsible for these 

movements it is not possible to give them adequate treatment here. For 

^tailed descriptions of these unusual plants and their movements the 

student is referred to the monograph of Lloyd (1942). 
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338-345 

Carbonic anhydrase, 273, 485 
Carboxylases, 273, 426, 433, 434 
Carnivorous plants, movements in, 755 
Carotene, 304-305, 306, 390, 742 
Carotenoids, 296, 304-305, 321 
Carotenols, 304 
Casparian strip, 236 
Catalase, 439-440 
Catalysts, 

enzymes as, 271, 274, 276-277 
role of mineral elements as, 475 
Cataphoresis, 35, 62 
Catechol, 437 
Cathode, 12 

Cation exchange, 459-460, 468-469 
Cations, 12 

in the soil, 210, 459, 460 
Caulocaiine, 570, 594, 637, 694, 696 
Cell, see plant cell 
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Cell sap, 49, 66 
pH of, 66-67 
Cell walls, 50-56 

permeability of, 104, 171 
Cellobiose, 373, 375 
Cellulase, 272, 375 

Cellulose, 51-55, 235, 374-375, 592, 594 

Cephalin, 449 
Chemosynthesis, 326-327 

Chilling injury* 618 
Chitin, 57, 381 
Chlorenchyma, 124, 125, 313 
Chlorine, role of, 487-488 
Chlorophyllase, 272, 297 
Chlorophylls, 296-300 

role in photosynthesis, 320-321, 360 
synthesis of, 300-304, 610 
Chloroplast pigments, 296 
quantities in leaves, 305-306 
role in photosynthesis, 320-3~l 
Chloroplasts, 64, 141 

and photosynthesis, 321 
and starch synthesis, 315, 375 
Chlorosis, 300, 481, 483, 484, 491, 49- 
Cholesterol, 450 
Chondriosomes, 48 
Chromoplasts, 64-65, 296 
Chromosomes, 286, 512 
Cinnamic acid, 569 
Citric acid, 432 
Clay fraction of soils, 20/ 

Climacteric, in fruits, 662 
Coagulation, 

of protoplasm, 61, 623 
of sols, 37 

Cobalt, role of, 489-490 

8 ohS of water, 194-195, 197-199 
Cohesion theory, 194-197, 202, 239-240 
Cold resistance, 618-622 
Coleoptile, 290, 556, 707, /39 
Coleorhiza, 290, 706 
Collenchyma, 51, 526 
Colloidal systems (see also gels and 

Colloids Vn the soil, 207-209, 458-460 
Coloration of leaves, autumnal, .5.HI 
Companion cells, 528-529 
Compass plants, 738 
Compensation point, 401-4U- 
Conduction of solutes, see translocation 

of solutes 

Conduction of water, see translocation 
of water 

Conduction, thermal, 161, 16- 
Contact exchange, 469 


Convection, 74, 162, 166 
Copper, role of, 486 
Cork cambiums, 187, 232-233, 601-602 
Correlations, 689 
Cortex, 182, 231, 733 
Cotyledon, 702, 703, 704, 705 
Coumann, 568, 569, 597, 712 
Crown gall tissue, 586 
Cryoscopic method, 91-92, 108-109 
Culture of plant tissues and organs on 
sterile media, 584-586, 662-664 
Cuticular transpiration, 123, 125-126. 
168, 265 

Cutin, 56, 125-126, 168, 450-451 
Cyclosis, see protoplasmic streaming 
Cysteine, 504, 509 
Cystine, 504, 509 
Cytochrome, 435-436 
Cytochrome oxidase, 273, 436, 437 
Cytoplasm, 
pH of, 66 

physical properties of, 60-63 
structure of, 63-64 
Cytoplasmic membranes, 103-104 
permeability of, 104-105, 460-4*' 1 

Dalton’s law, 9 

Dark reaction, of photosynthesis, 3-- 
Debye-Huckel theory, 13 
Deficiency of mineral elements, symp¬ 
toms of, 490-492 

Dehydrogenases, 273, 424, 425, 4-0. 

427, 434-437, 446, 507 
Dondrograph, 199-200 
Denitrification, 520-521 
Density of gases, relative, 77 
Desiccation of cells, 266-267, 618, 0— 
Desoxynbose, 372, 512 
Dextrins, 383 
Diastase, 291 . 

2 4 -Dichiorophenoxyacetic acid, 548, 
' 563, 567-568, 664, 684, 685 

Differentiation phase of growth, 595- 
596 

Diffusion, 71-72 
Diffusion of gases, 72-74 ^ 
factors influencing, 76-78 
through multiperforate septa, MO- 
148, 342 

through small pores, 144-146 
through stomates, 125, 144-149, 1 CO- 
161, 164-165,313, 341-342 
Diffusion of solutes, 78-79 
factors influencing, 79 
in gels, 43 
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Diffusion pressure, 
of gases, 74-76 
of water, 84-85, 95, 98-99 
Diffusion-pressure deficit, 
of cells, 112-119, 195-196, 201, 239, 
240, 25S, 262-263, 595 
of imbibants, 100-101 
of soil water, 219, 220-223, 239, 243, 
246 

of water, 86-88, 100-101 
Digestion, 291, 316, 606, 704 
Dihvdroxvacetonephosphate, 424, 425, 
446 

Dipeptides, 503, 510 
Diphosphoglyceraldehyde, 424, 425 
Diphosphoglyeoric acid, 424, 425 
Diphosphopvridine nucleotide, 424, 
425, 426, 427, 429, 436, 446, 507 
Disaccharides, 373 
Dissociation of electrolytes, 12-13 
Dormancy of buds, 717-718 
methods of breaking, 718-721 
methods of prolonging, 721-722 
Dormancy of seeds, 703, 709-712 
methods of breaking, 713-715 
secondary, 712 
Drought resistance, 263-267 
Dynamic equilibrium, 12, 34, 73, 112- 
113, V 127 

Elasticity, 
of cell walls, 56 
of cytoplasm, 60 
Electric double layer, 34-35, 92 
Electrical charge, 
on colloidal particles, 33-36 
on cytoplasm, 62 
Electrical conductivity, 
in gels, 43 
of cytoplasm, 62 

Electrical potentials in plants, 699 
Electrolysis, 11 
Electrolytes, 11-14 
absorption by plant cells, 461-469 
dissociation of, 12-13 
osmotic pressure of, 89-90 
permeability of cytoplasmic mem¬ 
branes to, 460-461 
Electrolytes, effect of, 
in flocculating sols, 37-41 
on permeability, 474 
Electron microscope, 55 
Electro-osmosis, 92 
Electrophoresis, 35 
Elements in plants, 457-458 
essential and non-essential, 474-478 


Embryo culture, 662-664 
Embryo factor, 663 
Embrvo sac^ 654-655 
Emulsin, 278, 280, 387, 388 
Emulsions, 28-29 

Endodermis, 124, 231, 232, 233, 236, 
526 

Endoenzvines, 289 
Endosperm, 290-291, 655, 657, 703 
Energy release during respiration, 397- 
399 

Energy transfer during respiration, 
430-431 

Enlargement (elongation) phase of 
growth, 594-595 
Enolase, 273, 424, 425 
Enzymatic activity, factors affecting, 
281-285 
Enzymes, 

catalytic properties of, 271, 276-277 
chemical nature of, 275-276 
classification of, 272-273 
colloidal condition of, 277 
desmolvzing, 273 
general nature, 270-271, 274-275 
heat sensitivity of, 278-279 
hydrolyzing, 272 
in relation to vitamins, 287 
mechanism of action of, 287-289 
production of by plants, 289-290 
reversibility of reaction, 278 
specificity of, 277-278 
synthesis of in plants, 286-287 
Ephemerals, 263-264 
Epicotyl, 705 

Epinasty, 640-641, 737, 750 
Ergosterol, 450 
Essential oils, 453-454 
Essential plant elements, 475-478 
Esters, 443 
Ethyl acetate, 443 

Ethyl alcohol, 418, 419, 426, 443, 447 
Ethylene, 

effect on flowering, 684 
effect on growth, 640-641 
emanation from plants, 662 
Ethylene chlorhydrin, 695, 720 
Ethylene dichlorid, 720, 721 
Etiolation, 625-626 
Evaporation, 126-128 
in relation to transpiration, 124-126 
measurement of, 128 
Exoenzymes, 289 
Exudation from phloem, 547-548 
Exudation from xylem, 137, 192-193, 
202-203, 240 
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Fats, 443, 444 

storage of, 451-452, 605 
synthesis of, 445-449 
Fatty acids, 444-445, 446 
synthesis of, 447-448 
Fermentation, 420 _ 

Fermentation, alcoholic, 41/-419 
Fertilization, 654-655 
Fibrils in cell walls, 53-54 
Field capacity, 214-215, 216, -3/--38, 
243, 634 

Filterability of sols, 30 
Flocculation of sols, 36-4_ 

Florigen, 548, 674-675 
Flowers, initiation and development of, 
648-650 _ 

Fluorescence of chlorophylls, 29/ 
Fluorine, role of, 489 
Freezing injury, 618-621 
Freezing point depression, relation to 

osmotic pressure, 91-92 
Frost resistance, 620-621 
Fructose, 274, 278, 314, 369, 3/-, 3/8, 
384 

Fructose-1,6-diphosphate, 382, 384, 424 
Fructose-6-phosphate, 382, 384 

Fruits, t 

development of, 658-66- 
sterile culture of, 664 
Fumaric acid, 428, 432, 435 
Funiculus, 702 

Galactans, 372, 378 _ 

Galactose, 278, 372, 379 

Galacturonic acid, 379 

Galls, 699-700 
Gases, effects of on vegetative growth, 

640-642 

Gay-Lussac’s law, 91 
Gelation, 

of cytoplasm, 61 
of sols, 43 
Gels, 42-44 

Genes, 286, 512 , 

Genetic constitution, role in plant 
velopment, 609-611 
Gentianose, 373 
Geotropism, 744-74/ 

Germination, 

of pollen, 652-653 
of seeds, 703-709 
Girdling, see ringing 

gtt.M.WI. 274, 314, 369, 370, 371, 
Glucose-1 -phosphate, 150, 382, 383, 384 


/ /O 

Glucose-6-phosphate, 38L 382, 383, 384 
Glutamic acid, 504, 507, 508, 514 
Glutamine, 514-516 
Glyceric acid, 325 
Glycerol, 446-447, 448, 449 
Givcerophosphate, 446-44/ 

Glycine, 503, 504, 509, 510 
Glvcogcn, 377 
Glycolysis, 423-426 
Glvcosides, 387-388 
Graham’s law of diffusion, 7/ 

Grana, 64, 296, 324 
Growth, 

dynamics of, 586-596 
indices of, 602-604 
physiological aspects of, 0 J-- 0 J 0 
primary, 583, 586-596 

secondary!^ 182-186, 529-530, 584, 

598-601 , . 

vegetative and reproductive, perio¬ 
dicity of, 731-732 

Growth, reproductive, 

effect of carbohydrate metabolism 

on, 683-684 

effect of light duration on, 668-680 
effect of light intensity on, 667, 6/6 
effect of light quality on, 66/-668, 

679 , . 

effect of nitrogen metabolism on, 

683-684 

effect of temperature on, 680-08.5 

Growth, vegetative, 

daily periodicity of, /-5-/-8 
effect of atmospheric gases on, 64U- 

f 1 

effect of carbohydrate metabolism 
on, 638-640 

effect of concentration of soil solu¬ 
tion on, 035-630 
effect of infrared on, 630 
effect of light duration on, 630-633 
effect of light intensity on. 624-6-/ 
effect of light quality on, 62/-030 
effect of nitrogen metabolism on, 

effect of soil aeration ° n * 636-63/ 
effect of temperature on, 613-618 
effect of ultraviolet on, 629-630 
effect of water on, 633-635 
phases of, 592-596 

roles of mineral elements in, 4/3-4/5, 
478-490, 637-638 
seasonal periodicity of, 728-731 
Growth correlations, see correlations 
Growth hormones, 555 
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Growth movements, 736-737 
Growth of leaves, 596-597 
Growth of roots, 230-234, 23S, 5S7-5S9 
Growth of stems, 589-592 
Growth regulators, 555 
Growth substances, 555 
Guard cells, 124, 125, 140-141, 142 
osmotic pressure of, 151 
pH of, 150-152 
Gums, 380 
Guttation, 136-137 

Hairs, epidermal, effect of, on transpi¬ 
ration, 168 
Hardening, 620-621 
Hay fever, 654 
Heart wood, 1S4-187 
Heat of imbibition, 97 
Heat of respiration, 396-39S 
Heat resistance, 622-624 
Hemicellulase, 272, 291 
Ilemicelluloses, 57, 37S-379 
Henry’s law, 8 
Heteroauxin, 560 
Hcxokinase, 273, 382, 3S4 
Hexosans, 374-379 
Hcxoses, 371-372 
Hill reaction, 324, 32S 
Hi him, 702 

Hormones, 119, 2S7, 434, 436, 43S, 450, 
489, 508, 555-575, 5S4-585, 632, 
658-661, 663, 664, 674-675, 6S4- 
6S5, 695-696, 697, 698, 733-734, 
740-741, 744-746 
Humidity, 159-160 
effect on transpiration, 160-161 
effect on vegetative growth, 634 
Humus, 20S-209 
Hvdathodes, 137 
llydrases, 273, 434 

Hydration of micelles, 28, 29-30, 39-40 
Hydration of molecules, 90-91 
Hydration of protoplasm, 
in relation to enzymatic activity, 283 
in relation to growth, 592, 594, 633 
in relation to photosynthesis, 357, 
360 

in relation to respiration, 407, 411- 
412 

Hydration of solutes, effect on osmotic 
pressure, 90-91 
Hydration movements, 738 
Hydrogen equivalent, 15 
Hydrogen ion concentration (see also 
pH), 15-18 
Hydrolvsis. 15 


Hydrophytes, 245-246 
Hydroponics, 496 
Hydrotropism, 748 
Hydroxyquinone, 437 
Hygrometric paper, 131 
Hypertonic solutions, 106 
Hypocotyl, 702, 703 
Hyponasty, 737 
Hypotonic solutions, 106 
Hysteresis, 44-45 

Ice formation in plant tissues, 618-619 
Imbibition, 95-99 
Imbibition pressure, 99-100 
measurement of, 101 
Imbibitional mechanism of water move¬ 
ment, 118-119 

Indoleacetic acid, 560, 561, 562, 565, 
586, 660, 684, 697, 734, 746 
Indolebutyric acid, 563, 566, 660 
Induction period in photosynthesis, 32S 
Infrared, 294 

effect of on vegetative growth, 630 
Inhibitors, enzymatic, 284-286, 359, 
413, 437, 439, 569 
Inhibitors, germination, 712 
Initial cells, 587, 589 
Initiation of flowers, 648-650 
Injury, effect of, on respiration, 413 
Inositol, 450, 572, 573 
Intake of water, see absorption of 
water 

Intercellular spaces, 124-125, 160-161, 
163-165, 171-172, 231, 313, 597, 619 
Internal surface of leaves, effect of, 
on photosynthesis, 313 
on transpiration, 168-169 
Intussusception, 595 
Inulase, 272, 378 
Inulin, 377-378 
Invertase, see sucrase 
Iodine, role of, 489 

Ionic exchange mechanism of salt ab¬ 
sorption, 468-469 
Ions, 12 

accumulation by plant cells, 462-468 
Iron, role of, 303, 483 
Irradiance, see light intensitj 
Isocitric acid, 428, 432, 433 
Isoelectric point, 
of cytoplasm, 61-62 
of gelatin, 41 
of sols, 37 

Isomerism of sugars, 369-370 
Isoprene, 453 

Isopropylphenyl carbamate, 568 
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Isotonic solutions, 106 
Isotopes, use of as tracers, 318-3-0, 3-3, 
324-326, 341, 433, 468, 470, 50/, 
632, 538-540, 541-542, 543 

g-Ketoglutaric acid, 428, 429, 432, 
507, 508 

Latex, 454 

Law of the minimum, 335, 612 
Leaf gap, 598 
Leaf mosaics, 738 
Leaf primordia, 596 
Leaves, 

anatomy of, 124-126 
autumnal coloration of, 390 
daily variations in water content ot, 

253-255 

development of, 596-597 
optical properties of, 345-34b 
temperature of, 161-163 
Lecithin, 449 

Lenticular transpiration, 123 
Leucine, 504, 508 
Leucoplasts, 65, 375-376 
Light, 293-296 
Light, effect of, . 

on anthocyanin synthesis, 389 
on chlorophyll synthesis, 302 
on germination, 708-/09 
on respiration, 412-413 
on stomatal opening, 149-151 
on transpiration, 158-159 
Light, role in photosynthesis, 345-353 
Light duration, effect of, 
on photosynthesis, 353 
on reproductive growth 668-680 
on vegetative growth, 630-633 
Light intensity, effect of 

on photosynthesis, 346-352 
on. phototropism, 742-744 
on reproductive growth , 676 
on vegetative growth, 624-627, 1 2 .6 

727 . 

Light quality, effect of, 

on chlorophyll synthesis 302 
on photosynthesis, 352-353 

on phototropism, 741 -742 
on pulvinal movements, 753-754 
on reproductive growth, 667-668, 679 
on stomatal opening, 149 
on vegetative growth, 627-630 
Light reaction, of photosynthesis, 322 

Limiting factors, principle of, 335-338, 
612 


Lipases, 272, 448-449 
Lipids, 58-59, 443-444 
Longevity of seeds, 715 
Luteol, 304 
Lycopene, 304 

Macro metabolic elements, 477 
Magnesium, role of, 303, 481 
Maleic hydrazide, 568, 569, 684 
Malic acid, 404, 428, 432, 433 
Maltase, 271,384,385 
Maltose, 271,373, 383, 384 
Manganese, role of, 303, 483-484 
Mannans, 372, 378 
Mannose, 370, 372 . 

Mass flow hypothesis of solute translo¬ 
cation, 545-549 

Mechanical effects on respiration, 413 
Melezitose, 374 
Melibiose, 278 
Membranes, 82-84 
of plant cells, 103-104 
Meristems, 230-231, 582-583 , 586-596, 
598-601, 648-650, 661 
Metabolic mechanism of water move¬ 
ment, 119-120 
Metabolic water, 396 
Methionine, 504, 509 
Methylene blue, 435 

Micelles, 

in cell walls, 53 
in colloidal systems, 27 
of clay, 207 

Micrometabolic elements, 4,<-4i» 
Micropyle, 702 
Middle lamella, 4/, oi 

Mincrar'olemont 4 deficiency, symptoms 
of, 490-492 
Mineral elements, 

redistribution in plants, 4/3, 4/9, 
480, 481, 482 

roles in plants, 4 /3^|5 4/8-49 
Mineral matter of soil, 206-208 

Mineral salts, 

absorption of, 461-469 
outward movement from leaves, 54 

542 

translocation of, M7-540 
Moisture equivalent, 216-21/ 

Mol, 10 

Molar solutions 10 
Molybdenum, role of, 486 

5 —- 

of water 
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Movements of plants, 736-738 
Mucilages, 57, 3S0 
Mycorrhizas, 469-470 


ot-Naphthaleneacetic acid, 563, 566, 
5S6, 660, 684, 695, 722, 734 
a-Naphthoxyacetic acid, 563, 660 
Narcotics, effect of, 
on photosynthesis, 359 
on respiration, 413 
Nastic movements, 737, 749-750 
Neutralization, 15 
Nicotine, 516-517 

Nicotinic acid (niacin), 436, 572, 573, 
574, 584 
Nitrates, 

effect of on shoot-root ratio, 691-692 
reduction in plants, 505-506 
Nitrification, 520 
Nitrogen cycle, 521 
Nitrogen fixation, 517-520 
Nitrogen metabolism, effect of, 
on reproductive growth, 683-684 
on vegetative growth, 592, 594, 638- 
640 

Nitrogenous compounds, absorption of, 
503-504 

Non-electrolvtes, 11-14 
Normal solutions, 15 
Nucleic acids, 59, 479, 512-513 
Nucleoproteins, 59, 512-513 
Nucleus, 65 

Nutation, 737, 747, 750 
Nutrient solutions, 474-477, 492-497 


Oils, see fats 
Oleic acid, 445 
Oligosaccharides, 36S 
Optical activity of sugars, 369 
Optical properties of leaves, 345-346 
Organic acid metabolism, 431-433, 467 
Organic matter in the soil, 208-209 
Osmosis, SI-82, 86-89 
Osmotic movement of water from cell 
to cell, 114-117 
Osmotic pressure, S5-S6 
analogies of with gas pressure, 89 
at incipient plasmolysis, 107, 113-114 
effect of hydration of solutes on, 90- 
91 

effect on imbibition, 98-99 
effect of ionization on, 89-90 
effect of temperature on, 91 
measurement of, 91-92 


Osmotic pressure ( Continued ) 

relation to freezing point depression, 
91-92 

relation to solution concentration, 89 
Osmotic pressures of guard cells, 151 
Osmotic pressures of plant cells, 
diurnal variations in, 257-258 
factors influencing, 109-111, 242-243, 
474 

magnitude, 109, 111 
methods of determining, 107-109 
seasonal variations in, 385 
Osmotic pressures of solutions, 89-91 
Osmotic quantities of plant cells, 110- 
115 

diurnal variations in, 257-258 
relation to movement of water, 115- 
117 

Oxalacetic acid, 427, 428, 432, 433, 507, 
508 

Oxalic acid, 66, 404 
Oxalsuccinic acid, 433 
Oxidases, 273, 437-439 
Oxygen, effect of, 
on absorption of water, 244-246 
on absorption of mineral salts, 463- 
464 

on chlorophyll synthesis, 303 
on germination, 707-708 
on growth, 636-637, 640 
on photosynthesis, 349-351, 358-359 
on protoplasmic streaming, 62 
on respiration, 409-410 
Oxygen, source of that released in pho¬ 
tosynthesis, 323-324 

Palmitic acid, 448 
Pantothenic acid, 572, 573 
Papain, 272, 508-509 
Para-aminobenzoic acid, 285, 572 
Parthenocarpy, 659-661 
Parthenogenesis, 656 
Partial pressure, 9, 76 
Passage cells, 237 
Passive absorption, 239-240 
Pasteur effect, 422-423 
Pectase, 272, 380 

Pectic compounds, 51, 53, 235, 379-380 

Pectinase, 272, 380 

Pentosans, 374 

Pentoses, 371-372 

Peptide linkage, 509 

Peptones, 503, 510 

Pericycle, 231, 232, 233, 234, 237, 526 
Periderm, 602 
Perimeter law, 145 
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Periodicity, cyclical, of vegetative and 
reproductive growth, 731-732 
Periodicity, daily, 

of absorption of water, 255-25/ 
of photosynthesis, 361-362 
of solute translocation, 545 
of stomatal opening, 152-155 
of transpiration, 160-174, 255-257 
of vegetative growth, 725-728 
Perispcrm, 657, 703 

Permanent wilting percentage, 21/-218, 
237-238, 243, 634 
Permeability, 

effect of mineral salts on, 4/4 
in relation to salt accumulation, 466 
of cell walls, 104 

of cytoplasmic membranes, 1U4-1UO 
of membranes, 82-84 
Peroxidases, 273, 439 

P of acids and bases, 18, 474 
of cell sap, 66-67 
of cytoplasm, 66-67 
of guard cells, 150-152 
of water, 18, 19 

relation to hydrogen ion concentra¬ 
tion, 14-18 

^ on enzymatic reactions, 282-283 

on starch-sugar equilibrium, 150-151, 

387 

Phellogen, see cork cambium 
Phenylalanine, 504, 508 
Phloem, 124, 180-183, 231-233, 525-530, 
582, 591, 599-601 
Phloem, internal, 526 

Phloem, primary, 180 1 ’ s 3f \~£? 3 \ 

Phloem, secondary, 180-183, 18 /, 

233, 599-600 

Phloem, exudation, 547-548 
Phloem fibers, 529 
Phloem parenchyma, 527, 529 
Phloem rays, 190, 529 
Phosphatases, 273, 382, 384, 447 
Phosphate esters, of sugars, 

Phosphoglyccraldehyde, 424, 425 

Phosphoglyceric acid, 325, 424, 425 
Phosphoglucomutase, 38 -, 384 
Phosphohexokinase, 382, 384 
Phosphohexose isomerase 382 , 3»4 
Phospholipids, 58, 59, 449-450 
Phosphopyruvic acid, 434, 425 
Phosphorolysis, °* o«o -iqq 

Phosphorylases, 150, 273, 278, 382, 383, 
384 

Phosphorus, role of, 479-480 


Photonasty, 749-750 
Photons, 294 
Photo-oxidation, 349-351 
Photoperiodic induction, 642, 672-673 
Photoperiodism, 630-633, 668-680 
Photosynthesis, 309-312 
apparent, 316-317 
carbon pathway in, 324-326 
daily variations in, 361-362 
effect of accumulation of products 

on, 361 

effect of certain chemicals on, 359 
effect of chlorophyll content on, 360 
effect of intermittent light on, 322- 
• 323 

effect of oxygon on, 358-359 
effect of protoplasmic factors on, 321 
effect of temperature on, 353-356 
effect of time factor on, 354-356 
efficiency of, 328-330 
induction period of, 328 
in sulfur bacteria, 326 
light and dark reactions of, 322-323 
magnitude of, 328-330 
measurement of, 317-318 
mechanism of, 320-328 
products of, 313-315 
quantum requirement ot, 32/-«5~» 
relation of leaf anatomy to, 313, 361 
role of carbon dioxide in, 322, 338- 
345 

role of chloroplast pigments in, 320- 

32 ! 

role of enzymes in, 321 

role of light in, 345-352 

role of water in, 356-358 

source of oxygen released in, 3-8-8_4 

Phototropism, 738-744 
Phycobilins, 296, 321 
Phycocyanin, 296, 321 
Phycoerythrin, 296, 321 
Phyllocaline, 570 

Physiological preconditioning, 642-648 
Phytohormones, 555 
Phytol, 297, 298 
Phytosterols, 59, 450 
Pits in cell walls, 184, 185, 18b, 18/, 
188, 191, 528 
Plant cells, 

as osmotic systems, lOo-ll)/ 
buffer action in, 67 
classification of parts ot, 4J 
development of, 49-50 
forms and sizes of, 50 
osmotic pressures of, 109 
pH of, 66-67 
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Plant cells ( Continued ) 
size, 50 

structure of, 47-49 
Plant movements, 736-738 
Plasmagenes, 287 
Plasmalemma, 103 
Plasmodesms, 48 
Plasmolysis, 105-107 
Plasmolytic method of determining os¬ 
motic pressures, 107-10S 
Plastids, 64-65 
Plumule, 290, 702, 703 
Polarity of plant organs, 698-699 
Pollen, germination of, 652-653 
Pollination, 650-652 
Polyembryony, 656 
Polypeptides, 503, 510 
Polysaccharides, 374-381 
Pore space in soil, 210 
Potassium, role of, 481-483 
Potometers, 129-131 
Precipitation of sols, 37 
Primary salt absorption, 462 
Promeristem, 587, 5S9 
Prosthetic group, 275-276 
Proteins, 501-503 
amphoteric properties of, 41-42 
ns a protoplasmic constituent, 59, 
501, 592 

colloidal properties of, 41-42 
storage of, 501, 605 
synthesis of, 509-512, 513 
Proteoses, 503, 510 
Protochlorophyll, 302 
Protopectinase, 272, 380 
Protoplasm, see also cytoplasm and 
nucleus 

chemical composition of, 58-60 
coagulation of, 61, 623 
streaming of, 62-63, 549-550 
Pseudogamy, 656 
Pulvinus, 738, 752-753 
Purine bases, 512 
Pyridoxine, 508, 573, 574, 584 
Pyrimidine bases, 512 
Pyruvic acid, 278, 424, 426, 427, 428, 
432, 433, 507, 508 
aerobic oxidation of, 427-430 
anaerobic oxidation of, 426-427 

Qw, 77 

of diffusion, 77 

of enzymatic reactions, 281-282 
of photosynthesis, 322 
of respiration, 408 
of salt accumulation, 467 


Quanta, 294-295 

Radiant energy, 162, 293-296 
dissipation of by leaves, 134-135 
effect of on enzymes, 286 
effect of on growth, 624-633, 667-680 
effect of on transpiration, 158-159 
Radiation, 162 
Radicle, 702 
Raffinose, 278, 373 
Raphe, 702 

Redistribution of mineral elements in 
plants, 413, 479, 480, 481, 482, 540- 
542 

Redistribution of water in plants, 260- 
262 

Reducing action of sugars, 36S-369 
Reduction of nitrates, 505 
Reductive animation, 507 
Reflection of light from leaves, 345 
Relative humidity, 159 
Reproductive growth, 
correlations with vegetative growth, 
690-691 

effect of carbohydrate and nitrogen 
metabolism on, 683-684 
effect of light duration on, 668-680 
Respiration, 

energy release during, 396-398 
energy transfer during, 430-431 
in relation to growth, 593, 594, 596 
intramolecular, 420 
substrates of, 396 
Respiration, aerobic, 394-399 
comparative rates of, 400-401 
factors affecting, 406-414 
mechanism of, 423-426, 427-430 . 
methods of measuring, 399-400 
Respiration, anaerobic, 405, 417-423 
injurious effects of, 422 
mechanism of, 423-427 
Respiratory ratio, 402-406 
Rest period, see dormancy 
Rhizocaline, 570, 586, 597, 694 
Riboflavin, 436-437, 572, 573, 574, 585, 
741, 742 

Ribose, 372, 430, 512 
Ring structure of sugars, 370-371 
Ringing, 531, 535-536, 537 
Root cap, 229, 230, 290 
Root formation, effect of auxins on, 
565-566 

Root hairs, 229, 234-236 
Root pressure, 192-194, 240-242 
Root systems, 226-229 
relation of to transpiration, 168 



SUBJECT INDEX 


781 


Root tips, 229-230 

sterile culture of, 584-585 
Roots, 

absorbing region of, 229-230 
anatomy of, 230-234 
depth of penetration, 227-228 
external features, 226-229 
growth of, 230-231, 237-239, 58/-589 
lateral extent, 228-229 
Roots, lateral, origin of, 232-233 
Rubber, 454 


Salicin, 387 
Salting out, 40-41 
Salts, 14-15 
Sand cultures, 492-497 
Sap flow, in maple, 202-203 
Saponification, 451 
Sapwood, 184, 196-197 
Scutellum, 290, 706 
Seeds, 

development of, 656-658 
dormancy of, 709-715 
germination of, 703-709 
longevity of, 715 

methods of detecting viability of, 
716-717 

methods of prolonging viability ot, 
717 

structure of, 702-703 
Selenium, role of, 488-489 
Senescence, 400, 731 
Serine, 325, 504 
Shoot-root ratio, 691-694 
Sieve elements, 526-528 
Silicon, role of, 487 
Sinigrin, 387, 479 
Soaps, 451 

Sodium, role of, 486-487 
Sodium acetate, 20 

Soil, as source of mineral elements, 45J- 
460 

Soil aeration, effect of, 

on shoot-root ratio, 693-694 
on vegetative growth, 636-637 

Soil atmosphere, 210 
Soil, constitution of, 206-211 
Soil colloids, 207-209 
Soil crumbs, 207-208 
Soil organisms, 210-211, 517-521 
Soil respiration, 339, 343 
Soil solution, 209-210 „ - 

Soil solution, concentration of, effect oi, 
on absorption of water, 246 
on vegetative growth, 635-080 


Soil water relations, 

under field conditions, 211-215 
laboratory measurements of, 215-220 
Solar radiation, 153, 294, 295 
Solarization, 349-350 
Solation, 43 
Sols, 29-42 
Solubility of gases, 9 
Solution cultures, 474-477, 492-497 
Solution volume, 11 
Solutions 7-11, 15 

Spray, -alt water, effect on growth, 
642 

Stachyose, 374 

“Standard day,” 153, 169, 256, 258, 361 
Starch, 150-151, 271, 314, 3/5-376, 383, 
384 

Starch grains, 376 
Starch-sugar equilibrium, 385-387 
Starch synthesis, 315-316, 383 
Stem tips, sterile culture of, 585-586 
Stems, 

anatomy of, 180-191, 525-530 
growth of, 589-592 

Sterile culture of tissues and organs, 
584-586, 662-664 
Sterols, 450 
Stomata, see stomates 
Stomatal opening, 

daily periodicity of, 152-155 
factors affecting, 149-152 
role of turgor of guard cells, 149 
Stomatal transpiration, 123 


Stomates, ,,, 

diffusive capacity of, 144-14.), lo-t, 

170-173, 341-342, 357 
distribution in leaves, 142-143 
nocturnal opening of, 155, 174 
number per unit area, 142-143 
size of, 141-144 

structure of, 124, 125, 140-141, 142 
Stomates, sunken, relation to transpira¬ 
tion, 168 
Stone cells, 530 

Storage of foods, 451-453, 501, 604-606 
Streaming of protoplasm, 62-63, 549- 
• 550 

Suberin, 57, 451 

Subsidiary cells, 141 

Succinic acid, 428, 429, 432, 433, 435 

Succulents, 264-265 

Sucrase, 272, 274, 276, 383, 384 

Sucrose, 274, 278, 314, 373-374, 383, 384 

Sucrose solutions, osmotic pressure ot, 

90 , , ... 

Suction tension (pressure, force), 114 
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Sugar?, 368-373 

relation to anthocvanin synthesis, 
389 

Sugar-starch equilibrium, 385-387 
Sulfur, role of, 478-479 
Sulfur dioxide, effect on growth, 640 
Suspensions, 28 

Tannins, 57, 390-391 
Tartaric acid, 404, 432 
Temperature, effect of, 


on accumulation of salts, 466, 467 



on chlorophyll synthesis, 303 

on cytoplasmic streaming, 62 

on development of pollen tube, 652 

on diffusion, 77, 79 

on enzymatic activity, 281-282 

on germination, 708 

on imbibition, 97 

on nitrate reduction, 506 

on opening of stoma tes, 152 

on osmotic pressure, 91 

on photosynthesis, 353-356 

on reproductive growth, 6S0-6S3 I 

on respiration, 407-408 

on shoot-root ratio, 694 

on solubility, 8, 9 

on starch-sugar equilibrium, 3S5-3S6 
on transpiration, 162-165 
on vegetative growth. 613-618. 720- 
727 j 

Temperature of air, dailv variation in, 
153 

Temperature of plant organs, 161-163. 
354, 397 

Temperature of soil, dailv variation in, 
153 

Temperature of soil, effect of, 
on absorption of water, 243-244 
on growth, 617 
on transpiration, 244 
Tendrils, 747-748 
Tensile strength of cell walls, 56 
Tension in water, 115, 195-196, 199- 
201, 239, 259-260 
Terpenes, 453-454 
Tetrasaccharides, 373-374 
Tetrazolium chlorides, 716-717 
Thermal absorption, 162 
Thermal conduction, 162 
Thermal emission, 135, 161, 162 
Thermal induction, 642, 683 
Thermocouples, 161 

Thermoperiodicity, 616-617 i 


Thiamine, 434, 471, 572, 573, 574, 575, 
584 

Thigmotropism, 747-748 
Thixotropy, 45 
Time factor, 

in enzymatic reactions, 281-282 
in growth, 614 
in photosynthesis, 354-356 
in respiration, 408 
Tissues, 

primary, 180-182, 583 
secondary, 180-182, 584, 598 
Tonoplast, 103 
Toxicity, 

of gases, 489, 640-642 
of mineral elements, 474-475, 477, 
481, 484, 485, 486, 488, 489 
Tracheids, 184, 185, 186, 189, 190-191 
Transaminase, 273, 508 
Transamination, 50S 
Translocation, polar, 550-551, 563-564 
Translocation of mineral salts, 537-540 
relation of transpiration to, 133-134 
Translocation of organic solutes, 
downward, 531-532 
upward, 532-537 
Translocation of solutes, 
lateral, 542-543 
mechanisms of, 543-549 
outward from leaves, 540-542 
periodicity of, 545 
rate of, 544-545 
Translocation of water, 
cohesion of water theory of, 194-197 
downward, 202 
lateral, 202 
rates of, 201-202 

relation of transpiration to, 133, 201 
role of root pressure in, 192-194 
upward, 179-1S0 
“vital” theories of, 191-192 
Transmission of light by leaves, 346 
Transparency, 
of cell walls, 56 
of cytoplasm, 60 

Transphosphorylases, 273, 384, 428, 
433-434 
Transpiration, 

daily periodicity of, 169-174, 255-257 
effect of atmospheric pressure on, 
167 

effect of cutin on, 168 
effect of epidermal hairs on, 168 
effect of humidity on, 159-161 
effect of internal surface of leaves on, 
168-169 
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Transpiration ( Continued) 

effect of leaf structure on, 167-169 
effect of light on, 158 
effect of soil temperature on, 167 
effect of soil water conditions on, 167 
effect of structure of root system on, 
168 

effect of sunken stomates on, 168 
effect of temperature on, 163-165 
effect of wind on, 165-167 
in relation to absorption of salts, 133- 
134, 455-466 

in relation to absorption of water, 
133, 239-240, 255-257 
in relation to translocation of solutes, 
133-134, 465-466 

in relation to translocation of water, 
133, 195-196, 201 
magnitude of, 131-132 
measurement of, 128-131 
mechanics of, 123-126 
role in dissipation of solar energy, 
134 

seasonal variations in, 174-175 
significance of, 133-136 
Transport of solutes, see translocation 
of solutes 

Traumatic acid, 570 
Traumatotropism, 748-749 
Trees, height of, 178 
Trehalose, 373 

Tricarboxylic acid cycle, 428 
Triiodobenzoic acid, 684 
Triphosphopyridine nucleotide, 436 
Triple fusion, 654-655 
Trisacchai 'des, 373-374 
Tropic movements, 736-737 
Tryptophane, 286, 504, 561 
Tuberization, 

effect of light duration on, 632 
effect of temperature on, 616-617 
Turgor deficit, 114 
Turgor movements, 737-738, 1 50-755 
Turgor pressure, 86-88, 100-101, 112- 
116, 184, 258, 260, 546-647, 595, 
751-752 

Tyndall phenomenon, 30-32 
Tyrosinase, 273, 437-438 

ULTRAFILTRATION, 30 

Ultramicroscope, 31 
Ultraviolet, 294 

Ultraviolet, effect of, on vegetative 
growth, 629-630 

Uptake of water, see absorption of 
water 


Urea, 516 

Urease, 272, 275, 516 

Vacuolar membrane, 103 
Vacuole, 65-66 
Valine, 504, 508 
Vapor pressure, 
actual, 159-160 

of atmosphere, 153, 160-161, 162-165 
of intercellular spaces, 161, 162-165, 
170-173 

relation to diffusion pressure deficit, 

171 

saturation, 127-12S 
Vascular rays, 190, 529, 598 
Vegetative growth, correlations with 
reproductive growth, 690-691 
Vernalization, 642-643 
Vessel segment, 189 
Vessels, 181, 182, 184, 185, 187-189,231, 
526, 733 

Viability of seeds, 716-717 

Viruses, 513 

Viscosity, 

of cytoplasm, 60-61 
of sols, 33 

“Vital” theories of translocation of 
water, 191-192 

Vitamins, 285, 287, 434, 436, 43S, 450, 
490, 508, 570-575, 584-585, 741 
Vitrification of tissues, 622 

Water, 

as a membrane, 83 
as a solvent, 7 

cohesion of, 194-195, 197-199 
pH of, 18, 19 

redistribution in plants, 260-262 
tension in, 115, 195-196, 199-201, 239, 
259-260 

Water, movement of in soil, 211-215 
Water, effect of, 

on germination, 707 
on vegetative growth, 633-635, 726- 
727 

Water content of leaves, 259 
daily variations in, 253-255 
Water content of leaves, effect of, 
on photosynthesis, 356-357 
on starch-sugar equilibrium, 386 
on stomatal opening, 151, 152 
Water content of soils, 216-220 
Water content of soils, effect of, 
on absorption of water, 243 
on shoot-root ratio, 693 
on transpiration, 167, 173-174, 358 
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Water content of tree trunks, 187, 194 

Water relations of the soil, 211-215 

Water stomates, 137 

Water table, 211-212 

Waxes, 450 

Wilting, 

incipient, 152, 171, 252, 255 
permanent, 217-218, 252, 258-260 
temporary (transient), 251-252, 255, 
259 

Wilting percentage, sec permanent 
wilting percentage 
Wilting range, 219-220 
Wind, effect on transpiration, 165-167 
Winter-killing, 174, 618 
Wood and Werkman reaction, 433 
Wood fibers, ISO 

Wood parenchyma, 1S5, 189-190, 600 
Wood rays, 184, 185, 186, 190 


Wound hormones, 570 

Xanthophylls, 304, 306, 390 
Xylans, 374 

Xylem, 124, 179, 180-191, 231-232, 233, 
526, 582, 591 

Xylem, primary, 231-232, 233, 526, 599 
Xylem, secondary, 182, 183, 187, 232, 
599 

Xylem, exudation from, 137, 192-193, 
202-203, 240 
Xylem fibers, 189 

Xylem parenchyma, 185, 189-190, 600 
Xylem rays, 1S4, 185, 186, 190 
Xylose, 372 

Zinc, role of, 485-486, 561 
Zymase, 418 
Zymogens, 276 




